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ABSTRACT 
This thesis summarises research into the performance of tubular, hydrophilic pervaporative 
polymer membranes in the removal of salt and organic contaminants from water, with an 
emphasis on organic micro-pollutants which are commonly found in oilfield-produced water. 
The treatment and recovery of oilfield-produced water for beneficial uses, such as 
agricultural irrigation, was a motivation for testing whether a sub-surface pervaporative 
irrigation process may be suitable for such applications. Previously there was very limited 
information regarding the removal of salt and organics from water by pervaporative 
membranes and only theoretical hypotheses regarding the relative removal of organics based 
on their chemical properties; this research expanded the knowledge in this area. 
The removal of salts, benzene, toluene, ethylbenzene, xylene (BTEX), humic acids (as a 
model for dissolved organic matter, DOM), fluorene, naphthalene, phenol, 1,2-
diethylbenzene, 2-phenoxyethanol and 1,2-dichlorobenzene from water by pervaporation 
were considered experimentally. A solution-diffusion model was used to estimate the 
permeate (water) flux, selectivity and removal of contaminants. The results showed that the 
medium surrounding the tubular membrane, the contaminant type and concentration, and the 
membrane thickness were all factors which influenced the water flux as well as the selectivity 
of the membrane during the pervaporative treatment process.   
Sodium chloride rejection was generally very good, with >98% (by mass) rejection at room 
temperature observed when starting with salt concentrations simulating seawater or highly 
saline oilfield-produced water (150,000 mg/l). Scanning electron microscopy images of the 
polymer showed that salt crystals occupy voids in the polymer layers within the membrane 
walls and that the membrane has a thin outer active layer that is responsible for most of the 
separation of salt from the water as the latter passes across the membrane. However, salt 
breakthrough occurred in cases when both sides of the membrane were in contact with liquid 
water. 
Hydrogen bonding and other chemical properties have an effect on the selectivity of organics 
removal.  Phenol and 2-phenoxyethanol exhibited the lowest removals of 47% and 58% (by 
mass), respectively, while fluorene was best removed at 86%. Greater than 99% of BTEX 
compounds, of particular relevance to produced waters, were removed. Molecular weight, 
molecular volume, kinetic diameter and hydrogen bonding characteristics correlated well 
with removal (r > 0.9), indicating that both a molecular sieving effect and hydrogen bonding 
are factors that determine the separation of organic contaminants from water by this 
pervaporative treatment process. 
Overall, this research confirmed previous findings that pervaporative membranes appear to be 
able to produce water fluxes which may be suitable for irrigation, however the rejection of 
salt and other contaminants was incomplete and contaminant penetration into soils should be 
closely monitored over the long term in irrigation trials, especially in cases where the 
surrounding soil becomes overly saturated with water.  
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CHAPTER 1 
1.0 INTRODUCTION 
1.1 Pervaporation  
Pervaporation is a separation process in which a multi-component liquid is passed across a 
non-porous, selectively permeable membrane that preferentially transports one or more of the 
components through a process that combines membrane permeation and evaporation 
(Wijmans and Baker, 1995, Lipnizki and Tragardh, 2001, Peng et al., 2003, Baker, 2004, 
Shao and Huang, 2007). The three key steps involved are dissolution, diffusion and 
evaporation (Figure 1.1). Membranes can be polymeric or non-polymeric (e.g. ceramic and 
zeolite). The separation of the various components of a mixture is related to their relative 
transport rate within the membrane. It can operate at ambient temperature and pressure, with 
mass transport across the membrane controlled by the diffusive transport of water across the 
membrane under the influence of a pressure (or humidity) gradient (Baker, 2004). 
               
contaminant molecule 
 water molecule 
 
Figure 1.1: Schematic of pervaporation for membrane of thickness l  
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1.2 Oilfield produced water 
Oilfield produced water is the water extracted alongside crude oil and gas during exploration 
and drilling (Reis, 1996, Tellez et al., 2002, Veil et al., 2004). The volumes of oilfield 
produced water are five times or more (up to hundreds) greater than the oil itself, making it 
by far the largest volume by-product associated with oil and gas production (Tellez et al., 
2002), sometimes accounting for 99% by volume of the total waste stream (Reis, 1996, Veil 
et al., 2004, Neff, 2002). It is a highly saline waste stream containing dissolved and 
suspended hydrocarbons, volatile organic compounds and heavy metals (e.g. arsenic), and is 
also oxygen-deficient (Lyons, 1996, Patin, 1999, Røe Utvik, 1999, Neff, 2002).  
Increasingly there is interest in reusing oilfield produced water for beneficial purposes, such 
as irrigation, especially in locations where freshwater is scarce (Veil et al., 2004). Moreover, 
with the generally increasing global concerns regarding climate change and the increasing 
water demands of growing populations, there is a need to remediate waste streams by 
developing cleaner technologies for pollution prevention, recycling and reuse (Veil et al., 
2004). The recovery of oilfield-produced water for beneficial uses, specifically agricultural 
irrigation, was the motivation in this research for investigating whether a pervaporative 
treatment process may be suitable for such applications.  
1.3 Background on previous use of pervaporative irrigation  
Over the past two decades, pervaporation using hydrophilic membranes has been studied as a 
way of treating brackish water and wastewater (Korngold et al., 1996, Korin et al., 1996b, 
Feng and Huang, 1997, Shao and Huang, 2007). However, very little has been published on 
the use of membrane pervaporation for crop irrigation specifically. Pervaporation tests 
involving a membrane surrounded by air were undertaken by Quiñones-Bolaños et al. 
(2005a) to examine whether the water flux across the membrane would be suitable for reuse 
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of brackish groundwater or municipal wastewater in agricultural micro-irrigation. In that 
study, the hydrophilic dense polymer membrane allowed water to pass through the membrane 
while retaining most salt and suspended solids. The sweeping air velocity over the outside 
surface of the membrane and feed pressure were identified as the controlling factors for water 
flux. They suggested that plants growing near buried membranes  may be able to extract 
water from the soil, depending on the water potential of the soil adjacent to both the 
membrane placed directly in the soil and the xylem structure of the roots (Quinones-Bolanos 
et al., 2005b).  
1.4 This study 
Design Technology and Irrigation Ltd (DTI, Brighton, UK) in conjunction with DuPont de 
Nemours International (Geneva, Switzerland) recently produced a hydrophilic pervaporative 
polymer tubing that can be buried in the ground and used for sub-surface irrigation (Tonkin et 
al., 2004). The pervaporation system requires no pumping pressure when the water is gravity 
fed from a supply tank (an elevated surface reservoir/settlement tank) to a network of sub-
surface tubes buried immediately below the crop roots. The water pervaporates through the 
tube walls leaving most contaminants retained within the pipe (Figure 1.2).  
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a.    
                
b. 
Figure 1.2: The tubular membrane (a) and cross- section (b) 
An integrated pervaporation-irrigation system is water-efficient as it supplies moisture to the 
root zone such that plants take water ‘on-demand’, reducing the loss of water to evaporation 
or due to over-watering (Figure 1.3).   
 
Feed 
solution 
Contaminant 
feed solution 
Retentate 
(Contaminants) 
Membrane 
Permeate out (water) 
Permeate 
Permeate out (water) 
Permeate 
Permeate 
Permeate 
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Figure 1.3: A pilot scale set-up of the DTI/DuPont pervaporation irrigation process (Tonkin, 
2012)  
24 
 
At the time of this research, these pervaporation tubes had been pilot-tested using desert 
aquifer water but contaminant removal had not been quantified. As a result, information on 
the use of pervaporation technologies for treating oilfield produced water represented an 
important knowledge gap. This thesis aimed to fill this gap by investigating under controlled 
laboratory conditions the performance of the tubular membrane pipe in terms of the removal 
of salt and organic contaminants from water, with an emphasis on organic micro-pollutants 
which are commonly found in oilfield-produced water, and the factors which affect the 
pervaporative rejection of contaminants.  
1.5 Aim and objectives 
The overall aim of this research project was to investigate the potential of using a tubular 
pervaporative polymer designed for irrigation in terms of the removal of salt and organic 
contaminants from water. Fundamentally, this required determining the relevant water and 
contaminant transport processes through the polymer and the importance of the chemical 
properties of the contaminants which dictate the removal of contaminants by the 
pervaporative process.  
The specific research objectives were to:   
 1. Quantify the water flux across the pervaporative polymer membrane and investigate the 
impact of variables such as the surrounding media (air, sand, soil), starting water salinity, 
ambient temperature, and membrane wall thickness on flux. 
2. Assess the removal of salts and organic contaminants from water by a tubular 
pervaporative membrane designed for sub-surface irrigation applications, including organic 
micro-pollutants which are commonly found in oilfield-produced water (i.e. BTEX). 
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3. Determine the membrane characteristics (thickness and morphology), water quality 
parameters, and contaminant properties (molecular size and shape etc) that control the 
removal of contaminants by pervaporative membranes. 
4. Relate the pervaporative removal of organic compounds to their physico-chemical 
properties, including molecular volume, kinetic diameter, octanol-water coefficient and 
hydrogen-bonding.  
5. Qualitatively investigate the transport of salt into/across the pervaporative membrane 
surface by direct scanning electron microscopy imaging and assess the degree of 
heterogeneity of salt removal across the membrane surface.  
6. To apply the gained knowledge to improving the practical application of pervaporative 
irrigation systems for treating contaminated waters such as oilfield produced waters. 
1.6. Published work (journal publication) 
1. May Sule, Jing Jiang, Michael Templeton, Emily Huth, Jonathan Brant & Tom Bond 
(2013); Salt rejection and water flux through a tubular pervaporative membrane designed for 
irrigation applications, Environmental Technology 34(10), 1329-1339 
DOI:10.1080/09593330.2012.746736 (Attached as Appendix 8) 
2. May Sule, Tom Bond, Michael Templeton (2013); Rejection of organic micro-pollutants 
from water by a pervaporative membrane treatment process designed for irrigation 
applications, Water Research (in preparation; planned submission in late summer 2013). 
1.7. Conference contributions   
1. Templeton MR, Sule MN, Reclamation of oilfield produced water using hydrophilic 
pervaporative membranes, Proceedings of the 15th International Conference for Women 
Engineers and Scientists, Adelaide, Australia, 2011. (Templeton and Sule, 2011) 
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2. Sule MN, Bond T & Templeton MR, Desalination performance of a tubular pervaporative 
hydrophilic membrane for irrigation applications, Poster presentation at 1
st
 International 
Conference on Desalination using Membrane Technology, 7-10 April 2013, Sitges, Spain. 
1.8 Thesis Structure 
Chapter 1: Introduction/Objectives 
This chapter explains the background to the research, the overall research objectives and the 
thesis plan.   
Chapter 2: Literature Review 
The literature review summarises current treatment options available for oilfield produced 
water treatment along with their advantages and disadvantages. It then introduces the 
fundamentals of pervaporation theory and models for predicting the performance of 
pervaporative membranes. It also explains the choice of solution-diffusion theory for 
consideration in this research, discusses transport mechanisms in polymers, and reviews 
pervaporation membranes in irrigation applications.    
Chapter 3: Materials and Methods 
This chapter describes the materials and chemicals that were used in all experiments as well 
as explaining the various experimental methods for the immersion/sorption tests, permeation 
tests, and scanning electron microscopy imaging that were conducted.  
Chapter 4: Rejection of Salt by Pervaporative Membranes Designed for Irrigation 
Applications 
This chapter describes laboratory studies conducted to assess the removal of salts using the 
tubular pervaporative membrane. The chapter introduces the diffusion coefficient from 
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sorption and investigates the effect of salt concentration, salt type and ambient temperature 
on water sorption. The effect of the surrounding medium (air, soil, sand), salt concentration, 
and membrane thickness on permeate flux and salt removal are examined. The effect of long-
term permeation on water flux and salt rejection is also discussed. 
Chapter 5: Rejection of Organic Compounds from Water by a Pervaporative Membrane 
Designed for Irrigation Applications 
This chapter summarises laboratory studies conducted to assess and explain the removal of 
selected organic compounds using the tubular pervaporative membrane. The study also 
explores the effect of the different organics on permeate flux. The theory of hydrogen 
bonding interactions and effect on removal of organics are presented. The effect of Kow, 
molecular volume and kinetic diameter on permeate flux and organics removal , and the 
effect of solubility on the process are considered as well as the correlation between organics 
removal and the physico-chemical properties of the tested organics. The chapter then further 
discusses the effect of DOM concentration on sorption, permeate flux and DOM removal by 
the pervaporative treatment process. 
Chapter 6: Rejection of Benzene, Toluene, Ethylbenzene and Xylenes (BTEX) from Water 
by a Pervaporative Membrane Designed for Irrigation Applications 
This chapter summarised removal of highly volatile oil-constituent aromatics benzene, 
toluene, ethylbenzene and xylenes (BTEX). The effects of contaminant type and 
concentration on permeate flux and contaminant removal are discussed. An analysis of the 
theory of hydrogen bonding interactions and the effect on BTEX removal is presented. The 
effect of Kow, molecular volume and kinetic diameter on permeate flux and removal 
efficiency is also presented. The correlation between contaminant removal and the physico-
chemical properties of BTEX is analysed.  
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Chapter 7: Membrane characterisation 
This chapter describes the membrane structure, morphology and the use of scanning electron 
microscopy to investigate and explain the diffusive transport of contaminants observed across 
the membrane.  
Chapter 8: Recommendations/conclusions 
This chapter summarises the scientific conclusions of the research, presents recommendations 
for the practical application of pervaporative irrigation in the field, and suggests the focus of 
further research on this topic.  
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CHAPTER 2 
2.0 LITERATURE REVIEW 
2.1 Introduction 
This literature review examines: oilfield produced water composition and current industry 
treatment practices; the concept of pervaporation and the current models for describing 
pervaporation, including solution-diffusion theory; and solute transport mechanisms in 
polymers. At the time of this study there was very limited information regarding the removal 
of salt and organic micro-pollutants from water by hydrophilic pervaporative membranes and 
only a theoretical hypothesis regarding the relative removal of organics based on their 
fundamental chemical properties. The review then led on to forming a laboratory approach to 
determine the basic transport relationships between pervaporative membranes and the 
physicochemical properties of contaminants e.g. molecular volume, kinetic diameter, 
hydrogen bonding, octanol/water coefficient and solubility.  
2.2 Aim and objectives 
In view of the gaps existing in the knowledge on the use of the tubular pervaporative polymer 
membrane for irrigation and salt and organic micro-pollutant removal by this process, the 
main objectives of this review were: 
 To summarise current oilfield produced water treatment practices and their 
advantages and disadvantages. 
 To summarise previous applications of pervaporation for the treatment of water, 
especially for irrigation applications.    
 To link information from literature and generally increase the knowledge and 
understanding of the water and contaminant transport mechanisms involved in 
30 
 
pervaporation including solution-diffusion, free volume concept, molecular size and 
sieving effects, hydrogen bonding, and molecular dynamic simulations.  
2.3 Oilfield produced Water 
2.3.1 Produced water composition  
The predominant inorganic contaminants in oilfield produced water are dissolved salts which 
can occur at even higher concentrations than in seawater (Lyons, 1996, Reis, 1996, Neff, 
2002, Tellez et al., 2002, EPA, 2009). Total dissolved solids (TDS) concentrations range 
from 100 mg/l to as high as 300,000 mg/l and while the majority of these salts consist of 
sodium chloride (approx. 80% of the TDS), the ionic composition of these waters may vary 
(Tellez et al., 2002, Neff, 2002, EPA, 2009). Major cations include sodium, calcium, 
magnesium and potassium while anions include chloride, sulphate and bicarbonate (Tellez et 
al., 2002, Neff, 2002). The most abundant hydrocarbons in produced water are the one-ring 
aromatic hydrocarbons, benzene, toluene, ethylbenzene, and xylenes (BTEX) as well as 
polycyclic aromatic hydrocarbons (PAHs). Benzene is often the most abundant BTEX 
compound in treated oilfield produced water, followed by toluene (Røe Utvik, 1999, Neff, 
2002). Produced waters also contain heavy metals such as mercury, lead and arsenic (Tellez 
et al., 2002, Neff, 2002). 
2.3.2 Environmental fate and treatment of oilfield produced water  
Water discharged offshore after the basic separation of oil and water undergoes mixing and 
dilution in the ocean (Ukpohor, 2001). For near-shore/inland discharges in shallow water, 
there is less opportunity for mixing and dilution resulting in a toxic plume of high-saline, 
oxygen-deficient brine (Reis, 1996). This has caused severe environmental contamination to 
surface and coastal waterways, as well as coastal wetlands (Reis, 1996, Ukpohor, 2001, 
Tellez et al., 2002). Another major concern regarding the disposal of produced water is the 
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potential for the well to provide a vertical communication path to any overlying freshwater 
aquifers (Reis, 1996). Saline soil contains excess dissolved salts which affect the ability of 
plants to absorb water and nutrients from soil, consequently dehydrating plant life; 
specifically, it alters the mechanical structure of the soil by disrupting the transport of air and 
water to root systems (Reis, 1996). A major concern is the ecotoxicological impact of 
produced water discharges arising from chronic exposure, including bioaccumulation and 
biomagnification of organic pollutants and heavy metals (Neff, 2002). Produced water is also 
often stored in evaporation ponds, with environmental concerns associated with the 
volatilisation of hydrocarbons into the surrounding air and the final disposal of the long-term 
accumulated concentrated contaminants within the ponds (Lyons, 1996, Reis, 1996). 
During oil and gas recovery, oil and gas companies process their petroleum 
hydrocarbon/water mixture using various types of separation units (Tellez et al., 2002). The 
water extract is either discharged by re-injection into the subsurface for permanent disposal 
or secondary recovery or discharged directly to surface or coastal/offshore waterways. The 
selected treatment option is usually dependent upon regulations, subsurface formation 
characteristics, and produced water quality (Tellez et al., 2002).   
Life within the Niger Delta of Nigeria, the author’s home country, involves the daily usage of 
natural water bodies, from local fishing activities to irrigation by mechanised farmers 
(Ukpohor, 2001, Nriagu, 2011). There are currently concerns about the effect of produced 
water as an environmental pollutant and potential health consequences in communities in the 
Niger Delta region (Nriagu, 2011).  
Currently in the US, 91% of produced water is re-injected: 70% injected for oil recovery and 
21% injected for disposal (Veil et al., 2004). Despite re-injection being the most common 
method of disposal of produced water, it is also the single biggest operating expense (Pang 
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and Sharma, 1997, Sharma et al., 2000). Moreover, there is the problem of re-injection 
injectivity decline. This is when produced water hydrocarbons and other particles react with 
the formation water to form precipitates, generating filter-cake build-up in addition to the in-
depth deposition of oil droplets or solid particles (Pang and Sharma, 1997, Sharma et al., 
2000).  
The treatment processes currently employed globally for the removal of contaminants from 
oilfield produced water before disposal include chemical, biological and physical processes, 
all of which have their own advantages and challenges.  
2.3.2.1 Chemical treatment. Chemical precipitation uses coagulation and flocculation to 
remove suspended and colloidal particles (Hayes and Arthur, 2004, Veil et al., 2004, 
Ahmadun et al., 2009). Other chemical treatment processes include chemical oxidation, 
electrochemical processes, photocatalytic treatment and Fenton processes (Hayes and Arthur, 
2004, Ahmadun et al., 2009).  These processes are generally effective for removing dissolved 
constituents.  The treatment combination of ozone, hydrogen peroxide and sonochemical 
oxidation can destroy some dissolved compounds such as BTEX (Veil et al., 2004, Ahmadun 
et al., 2009). The disadvantages of these processes include high running costs due to the high 
energy demand and consumption of chemicals (Veil et al., 2004, Ahmadun et al., 2009). 
Another chemical option is demulsifiers, which are surface-active agents that are added and 
are effective in disrupting the effects of natural emulsifiers present in oil. However, in many 
crude oils, solids such as iron sulphides, silts, clay, drilling mud and paraffin can complicate 
the demulsification process (Veil et al., 2004).  
A common challenge with chemical treatment processes is managing the chemical residuals 
removed or generated during treatment (Hayes and Arthur, 2004, Ahmadun et al., 2009).  
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2.3.2.2 Biological treatment: A number of biological processes can degrade dissolved oils, 
volatile acids and other soluble organics to carbon dioxide (Hayes and Arthur, 2004). Aerobic 
treatments include activated sludge, trickling filters, sequencing batch reactors (SBRs), 
chemostat reactors, biological aerated filters (BAF), and lagoons (Tellez et al., 2002). 
Anaerobic degradation of pollutants includes biodegradation of organic acids and the use of 
reed-bed technology for bioremediation of the wastewater (Ahmadun et al., 2009).  Ji et al. 
(2002) and Shpiner et al. (2009) used constructed wetlands and waste stabilisation ponds, 
respectively, to treat oilfield produced water and to remove heavy metals. Biological 
treatment is highly versatile in the removal of organic compounds and can be operated in 
anaerobic, denitrifying, or aerobic modes. However, biological treatment can require large 
energy footprints associated with the oxygen-input required, as well as relatively large land 
requirements (Hayes and Arthur, 2004). Biological treatments can also be highly sensitive to 
changes in water quality and temperature and require close operational monitoring (Hayes 
and Arthur, 2004). 
2.3.2.3 Physical treatment: Activated carbon, organoclay, copolymers, zeolite and resins 
have been used for adsorption of dissolved organics in produced water. However, the 
performance of adsorbers is affected by temperature, pH, suspended oil, heavy metal 
concentration, organic-metal complex, dissolved contaminants (organic chemicals) and high 
salinity, meaning that their effectiveness is heavily water matrix-dependent (Hayes and 
Arthur, 2004, Veil et al., 2004, Ahmadun et al., 2009).  
Another option for physical treatment are phase separators, including centrifuges, 
hydrocyclones, induced gas flotation, and plate separators (Hayes and Arthur, 2004, Veil et 
al., 2004); however, dissolved contaminants are typically not well removed by these 
processes (Hayes and Arthur, 2004).  
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Industrial evaporation involves the application of heat to remove the water but this requires a 
high energy input. Evaporation ponds require less energy but there are environmental 
concerns such as volatilisation of hydrocarbons into the air (Lyons, 1996, Reis, 1996).  
Dissolved air precipitation (DAP) involves the use of bubble generation in solvent sublation 
bubble columns to remove dissolved octane, micro-dispersed decane, and dissolved 
ethylbenzene, though the bubble generation equipment and energy burden is often prohibitive 
(Ahmadun et al., 2009).   
The C-TOUR is a patented technology that uses liquid condensate as an extraction liquid for 
dissolved components in produced water but is currently cost-prohibitive for many 
applications (Ahmadun et al., 2009).   
Freeze-thaw/evaporation (FTE) is a process that combines processes of freezing and 
evaporation to provide driving forces for demineralisation of produced water. The alternate 
freeze and thaw cycles concentrate salts into reduced volumes of brine with the concomitant 
production of demineralised water. Evaporation is then used to further reduce brine volumes 
in the summer (Hayes and Arthur, 2004). This system requires a climate with substantial 
number of days with temperatures below freezing and requires a relatively large land area.  
Membrane pressure-driven processes rely on pore sized thin films of synthetic organic or 
inorganic materials to selectively separate the feed stream components (Reis, 1996, Schafer et 
al., 2004). Several types of membranes have been used in produced water treatment and can 
be highly effective at removing a range of contaminants, but they are expensive compared to 
most chemical and biological treatment options. For example, electrodialysis (ED) is an 
electrically-driven membrane separation process for separating, concentrating, and purifying 
selected ions from aqueous solutions. Most membrane processes can compete with more 
complex treatment technologies for treating water with high oil content, low mean particle 
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size, and flow rates greater than 150 m
3
/h, making them suitable for medium and large 
offshore platforms in particular (Ahmadun et al., 2009). However, a major limitation to 
economic viability of these membrane processes is fouling which causes a gradual decline in 
flux (Sharma et al., 2000, Ahmadun et al., 2009).   
Campos et al. (2002) found a combination of microfiltration and biological treatment to be 
highly efficient (Removal COD = 70%, TOC =82%, phenols = 65%), although not all 
hazardous pollutants could be effectively removed.  
The choice of a suitable treatment technology will be based on the produced water 
composition, costs, space availability, reuse and discharge plans (Veil et al., 2004). 
Alternative produced water management solutions are required which are simple and cost 
effective especially for the small-scale oil/gas producer. Effective purification of produced 
water could allow agricultural irrigation, livestock watering, power generation and possibly 
even human consumption using the recovered water (Veil et al., 2004).  
Despite the variety of techniques already available for produced water treatment, the 
disadvantages inherent in many of the technologies has led to more research on produced 
water management (Hayes and Arthur, 2004, Veil et al., 2004). To summarise, the 
disadvantages associated with the various treatment techniques highlighted above include: 
high energy requirements; high costs of one-off usage chemicals; high operational, 
monitoring, and/or maintenance burdens; and the challenge of managing the chemical 
residuals removed or generated during treatment (Ukpohor, 2001, Neff, 2002). Improved 
produced water management will therefore require the development of lower energy and 
environmentally friendly water treatment and disposal systems, which are qualities that may 
be fulfilled by pervaporation-based processes.  
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2.4 Pervaporation  
2.4.1 Pervaporation process 
Pervaporation (PV) is a separation process in which a multi-component liquid is passed 
across a non-porous selectively permeable membrane that preferentially transports one or 
more of the components via permeation and phase-change to vapour when passing across the 
membrane surface (Wijmans and Baker, 1995, Lipnizki and Tragardh, 2001, Peng et al., 
2003, Baker, 2004, Shao and Huang, 2007). Pervaporative membranes can be polymeric or 
non-polymeric (e.g. ceramic and zeolite). The separation of the various components of a 
mixture is related directly to their relative transport rate across the membrane, which is 
determined by their solubility, affinity with, and/or diffusivity within the membrane material 
(Wijmans and Baker, 1995, Mulder, 1996, Peng et al., 2003, Baker, 2004, Shao and Huang, 
2007). Pervaporation is established as a process for the dehydration of organic compounds 
and the separation of organic-organic mixtures (Lipnizki and Tragardh, 2001).  
Jonquieres et al. (2002) and Baker (2004) highlighted the three main types of membranes 
widely employed in this field and which can be distinguished according to their specificity: 
hydrophilic, hydrophobic (organophilic) and organoselective membranes. Hydrophilic 
membranes are able to extract water with fluxes and selectivity depending upon the chemical 
structure of the membrane. They are mainly used for dehydration of organics. Hydrophobic 
membranes are usually organophilic and allow the treatment of aqueous or gaseous effluents 
to eliminate an organic species. Organoselective membranes address the separation of purely 
organic mixtures.  
The performance or efficiency of PV membranes is typically characterised in terms of two 
factors: (i) selectivity, and (ii) permeate flux (Wijmans and Baker, 1995, Baker, 2004). The 
driving force for the process is feed/permeate concentration, feed/permeate vapour pressure, 
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feed/permeate temperature and feed/permeate electrical gradient ratios (Mulder, 1996). The 
permeability and selectivity of contaminants across the membrane are also determined by the 
intrinsic morphological and structural properties of the membrane material itself (Crank and 
Park, 1968, Mulder, 1996, Feng and Huang, 1997, Chapman et al., 2008).  
2.4.2 Review of pervaporative membranes for irrigation applications 
Korngold et al. (1996), Quiñones-Bolaños et al.(2005a), Quiñones-Bolaños et al.(2005b), 
Korin et al.(1996a) and Quiñones-Bolaños and Zhou (2006) are the only previous published 
studies investigating various membrane-based processes for pervaporative irrigation.  
Quiñones-Bolaños et al. (2005a) investigated the reuse of brackish and contaminated waters 
in micro-irrigation using pervaporative hollow fibre and corrugated sheet membranes. Air 
pervaporation tests were undertaken to examine the suitability of the pervaporation 
membranes intended for treatment of brackish groundwater or municipal wastewater in 
agricultural micro-irrigation. They concluded that the water fluxes across the membranes 
were sufficient to hypothetically support irrigated crops but that flux decreased with 
increasing concentrations of salt and glucose, the latter used as a model organic contaminant.  
Korngold and Korin (1993) and Korngold et al. (1996) also reported decreased water 
permeate flux with increasing sodium chloride feed solution during pervaporation and 
concluded that this could also be attributed to the increased salt concentration of the feed 
reducing the ability of the membrane to swell and uptake water. 
Korngold and Korin (1993) also studied the effect of temperature on permeate flux in a 
hydrophilic anion-exchange hollow fibre membrane and a porous hydrophilic membrane. In 
both cases, increased feed temperature was directly proportional to an increase in water flux. 
This increase was reported to be due to the effect of temperature on diffusion coefficient. A 
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linear relationship was reported between the natural logarithm of water flux (ln Jw) and the 
inverse of feed temperature (1/Tf). They attributed this to higher temperatures reducing flow 
viscosity and increasing molecular diffusivity. Böddeker (1990) and Quiñones-Bolaños et al.  
(2005a) used the Arrhenius’ equation for estimation of activation energy E to describe the 
relationship between temperature and flux: 
Ji = Aoexp (−
𝐸
𝑅𝑇
 )         (2.1) 
where T is the feed temperature, R is the universal gas constant and Ao is an exponential 
parameter that correlates flux with temperature.  
Another factor that had been observed to have a significant influence on pervaporation was 
the degree of membrane swelling. Quiñones-Bolaños et al. (2005a) observed that the swollen 
length of their pervaporation membrane was 10% longer than in the dry state. Maximum 
swell was attained between 20 minutes to 1 hour. They observed that the flux across the 
membrane was directly affected by this swelling.    
Korngold and Korin (1993) also observed that swelling was affected by the salt concentration 
in the feed solution. They reported that as sodium chloride concentration increased in the feed 
solution, the membrane swelling decreased. This decrease in swelling subsequently led to a 
decrease in water flux. The membrane swelling decreased rapidly with a reduction of relative 
humidity from 100% to 80%. However, below 80%, there was a slower reduction in swelling. 
Quiñones-Bolaños and Zhou (2006) presented a mathematical model to predict the temporal 
variation of the water flux in terms of soil texture, porosity, membrane permeability, and 
spatial water movement for different combinations of membrane configuration and soil 
composition. They further showed that water fluxes for their membranes buried in the soil 
were three or four orders of magnitude lower than those found in sweeping air pervaporation 
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tests. They concluded that the water permeate flux was mainly controlled by the porosity, the 
particle-size distribution, and the residual water of the soil.  
2.4.3 Models for predicting pervaporation  
Several models have been proposed to describe the permeate flux and selectivity performance 
in pervaporation generally (i.e. not irrigation-specific).   
Lipnizki and Tragardh (2001), have categorised the models for pervaporation found in the 
literature as three types: empirical models, theoretical models, and semi-
empirical/phenomenological models, shown in Table 2.1. 
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Table 2.1: Classification of pervaporation models (Lipnizki and Tragardh, 2001) 
Model class Description Advantage Disadvantage 
Empirical  Describe the process based on 
interpolation of data collected 
by measurements – input and 
output - without taking any 
physical/chemical relations 
into account 
Low level of mathematics 
required while gaining high 
accuracy based on an appropriate 
database 
Large number of experiments required to obtain this 
representative database 
Theoretical  Use molecular parameters 
derived from thermodynamic 
and physical/chemical 
relations 
The parameters involved are 
sorption, diffusion, and desorption 
coefficients, which are determined 
by independent measurements 
Transferring data from one system to another might 
include extrapolation into areas where these values 
have not been measured. 
The number of parameters in these models is 
generally large, which often leads to high 
mathematical complexity. 
Semi-empirical 
/phenomenological 
Combine features of 
theoretical with empirical 
approaches 
The number of required 
experiments to get a quantitative 
reasonable model can be 
minimised without reducing the 
quality of the approach. 
Extrapolating results is improved 
compared to empirical models. 
The model parameters compared to the theoretical 
models lost their character of being fundamental 
values. 
Can be used as a foundation to develop models for 
process and module design by extending and 
combining the models to cover the effects of e.g. 
concentration polarisation, permeate pressure drop 
and heat transfer. 
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Most of the models of membrane sorption are of a semi-empirical nature and try to predict 
the sorption behaviour based on a minimum set of sorption experiments (Table 2.2).  
Table 2.2: Models of mass transfer in pervaporation adapted from Lipnizki and Tragardh  
(2001).  
Mass transfer Model  Classification of 
model 
Permeating 
components 
Sorption  Langmuir and Henry’s Law 
isotherms 
Solubility Parameter 
Flory-Huggins 
UNIQUAC 
UNIFAC 
Entropic-FV 
Modified NRTL 
ENSIC 
Molecular Simulation for Sorption 
Empirical 
 
Semi-empirical 
Semi-empirical 
Semi-empirical 
Theoretical 
Semi-empirical 
Semi-empirical 
Semi-empirical 
Theoretical 
Single 
 
Binary 
Binary 
Multi 
Multi 
Multi 
Binary 
Single 
Binary  
Diffusion  Empirical Diffusion Coefficients 
Free volume 
Dual Sorption 
Empirical 
Theoretical 
Theoretical  
Multi 
Binary 
Binary  
Trans-Membrane 
Mass Transfer 
Empirical Model by Franke 
Solution-Diffusion Model 
Meyer-Blumenroth 
Qi-Model 
Process-Specific Permeability 
Functions 
Thermodynamic of Irreversible 
Processes (TIP) 
Stephan-Maxwell Theory 
Pore Flow Model 
Pseudophase-Change Solution-
Diffusion Model 
Empirical 
Semi-empirical 
Semi-empirical 
Semi-empirical 
Semi-empirical 
 
Semi-empirical 
 
Theoretical 
Semi-empirical 
Theoretical 
 
Multi 
Multi 
Bi/ternary 
Binary 
Binary 
 
Multi 
 
Ternary 
Binary 
Binary 
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Empirical models of membrane diffusion are suitable for describing individual systems, but 
are not designed to describe a fundamental understanding of the process (Binning et al., 1961, 
Michaels et al., 1962, Sweeny and Rose, 1965, Yoshikawa et al., 1984a, Yoshikawa et al., 
1984b). Several models either combine membrane sorption and membrane diffusion models 
or introduce new semi-empirical or empirical parameters to cover sorption, diffusion and 
desorption. 
Most pervaporation models in the literature focus on sorption and the trans-membrane mass 
transfer. Lipnizki and Tragardh (2001) classified the complexity of these models increasing 
from empirical models with a low complexity to theoretical models with a high complexity. 
The complexity also increases with the number of components, in particular when coupled 
sorption and coupled diffusion are considered. It should be noted that these models are only a 
foundation to model the mass transfer in process and module design, since other effects such 
as concentration polarisation, membrane support layer, permeate pressure drop, flow pattern, 
and heat transfer have to be considered and included in the model of the overall mass transfer 
via pervaporation (Lipnizki and Tragardh, 2001). For systems without coupling the common 
solution-diffusion model and the pore-flow model have been suggested as suitable for 
describing permeate flux and selectivity (Lipnizki and Tragardh, 2001). 
2.4.4 Solution-Diffusion model 
Solution-diffusion is the generally accepted mechanism of mass transport through non-porous 
membranes (Vrentas and Duda, 1977a, Mulder et al., 1985, Wijmans and Baker, 1995, 
Mulder, 1996, Baker, 2004, Shao and Huang, 2007). The three key steps involved in the 
process of permeation in the solution-diffusion model are adsorption (partition of 
contaminant between inner surface of membrane and solvent), diffusion of the permeant 
through the membrane, and desorption (partition between the outer surface of the membrane 
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and the outer medium) (Figure 2.1). These steps are accounted for using the transport 
coefficients of diffusion, solubility and partitioning coefficients (Wijmans and Baker, 1995, 
Vane, 1998, Baker, 2004, Shao and Huang, 2007).  
 
Figure 2.1: Schematic of solution-diffusion for membrane of thickness l  
2.4.5 Fickian Transport 
The starting point for the mathematical description of diffusion in membranes is the 
proposition, solidly based in thermodynamics, that the overall driving force of a permeant is 
the chemical potential gradient across the membrane (Wijmans and Baker, 1995, Baker, 
2004). The flux  𝐽𝑖 (g/cm
2
s) of a component i can be described by the equation: 
   𝐽𝑖 =  – 𝐿i  
d𝜇𝑖
d𝑥
                  (2.2) 
where d𝜇𝑖/d𝑥 is the chemical potential gradient of component i and Li is the proportionality 
coefficient linking this chemical potential driving force to flux. Driving forces, such as 
gradients in concentration, pressure, temperature, and electrical potential can be expressed as 
chemical potential gradients, and their effect on flux expressed by this equation (Baker, 
2004). Restricting the approach to driving forces generated by concentration and pressure 
Inner surface 
Outer surface 
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gradients, the chemical potential is related to temperature (T), pressure (p), and molar volume 
(𝑣i) of component i as (Wijmans and Baker, 1995, Baker, 2004, Quiñones-Bolaños et al., 
2005a):     
dμi = RTdln(γici) + vidp       (2.3) 
where ci is the molar concentration (mol/mol) of component i, and γi is the activity 
coefficient linking concentration with chemical activity. 
In the solution-diffusion model, the pressure within the membrane is considered constant (dp 
= 0), and the gradient in chemical potential across the membrane is expressed as a smooth 
gradient in solvent activity (𝛾𝑖𝑛𝑖) (Wijmans and Baker, 1995, Baker, 2004). The flow that 
occurs down this gradient is expressed by Equation (2.2), but because no pressure gradient 
exists in the membrane, Equation (2.2) can be rewritten by combining Equations (2.2) and 
(2.3). Assuming γi is constant, this gives 
  𝐽𝑖 =  − 
𝑅𝑇𝐿𝑖
𝑛𝑖
 
d𝑛𝑖
d𝑥
         (2.4) 
In equation (2.4), the gradient of component i across the membrane is expressed as a gradient 
in mole fraction of component i. Using the more practical term concentration ci (g/cm
3
) 
defined as  
 ci = mi ρni         (2.5) 
where mi is the molecular weight of i (g/mol) and ρ is the molar density (mol/cm
3
), Equation 
(2.4) can be written as  
  𝐽𝑖 =  − 
𝑅𝑇𝐿𝑖
𝑐𝑖
 
𝑑𝑐𝑖
𝑑𝑥
                (2.6) 
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Equation (2.6) has the same form as Fick’s law in which the term 𝑅𝑇𝐿𝑖/𝑐𝑖 can be replaced by 
the diffusion coefficient Di (Wijmans and Baker, 1995, Baker, 2004). Thus, 
  𝐽𝑖 =  − 𝐷𝑖 
𝑑𝑐𝑖
𝑑𝑥
          (2.7) 
The diffusion coefficient Di (cm
2
/s) is a measure of the mobility of the individual molecules 
and the minus sign shows that the direction of diffusion is down the concentration gradient 
(Wijmans and Baker, 1995, Baker, 2004). 
2.4.6 Solution-diffusion versus Pore-flow model 
The solution-diffusion model assumes that the pressure within the membrane is uniform and 
that the chemical potential gradient across the membrane is expressed only as a concentration 
gradient. Conversely, a pore-flow model assumes that the concentration of solvent and solute 
within a membrane are uniform and that the chemical potential gradient across the membrane 
is expressed only as a pressure gradient (Okada and Matsuura, 1991, Wijmans and Baker, 
1995). The consequences of these two assumptions are illustrated below in Figure 2.2, which 
compares pressure-driven permeation of a one-component solution by solution-diffusion and 
by pore-flow. 
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Figure 2.2: Pressure-driven permeation of a one-component solution through a membrane 
according to solution-diffusion and pore-flow transport models; adapted from Wijmans and 
Baker (1995)  
 
In their analysis, Wijmans and Baker (1995) observed that in both models, the difference in 
pressure across the membrane (po – pl) produces a gradient in chemical potential according to 
the equation (2.2). In the pore-flow model, the pressure difference produces a smooth 
gradient in pressure through the membrane, but the solvent activity γici remains constant 
within the membrane. The solution-diffusion model on the other hand assumes that, when a 
Membrane 
Chemical potential μi 
Low-pressure 
     solution 
Pressure p 
High-pressure 
    solution 
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Chemical potential μi 
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pressure is applied across a dense membrane, the pressure everywhere within the membrane 
is constant (Wijmans and Baker, 1995). 
The solution-diffusion model is used in this research because the three fundamental processes 
of adsorption, diffusion and desorption govern mass transport across pervaporation 
membranes. When a pervaporation membrane is in contact with a liquid feed mixture, it is 
generally believed that the thermodynamic equilibrium is reached instantly at the membrane-
feed interface.  
Furthermore, the solution-diffusion model is used in this research because of the previous 
reported good agreement between theory and experimentally measured permeability, 
diffusion, and coefficient data obtained over the past thirty years for a range of PV membrane 
applications (Mulder et al., 1985, Wijmans and Baker, 1995, Mulder, 1996, Baker, 2004, 
Shao and Huang, 2007). 
2.5 Transport mechanisms within polymers  
2.5.1 The components of solubility  
Solubility describes the energy required to overcome the intermolecular forces needed to 
separate molecules in a liquid. Hansen (2004) described the total cohesion energy E 
(quantified by the energy of vaporisation) as consisting of contributions from all the types of 
bonds broken in the evaporation process, and can be divided into at least three separate parts: 
atomic nonpolar (dispersion) bonds δD, molecular permanent dipole-permanent dipole bonds 
δP, and molecular hydrogen bonds δH (Hansen, 2004, Hansen, 2007a, Shao and Huang, 
2007). The δD, δP and δH parameters quantitatively describe the three major types of cohesive 
energy in volatile liquids.  
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The solubility parameter can thus be represented by a vector in a three-dimensional 
coordinate (Hansen, 2004). According to Mulder et al. (1985), for a binary mixture of 
components A and B, the end-to-end distance ∆AB is an index measuring the dissimilarity of 
the species represented by vectors A and B, respectively. By proper selection of a membrane, 
the obtainable separation factor of the two species could, to some extent, be proportional to 
this characteristic distance (Mulder et al., 1985, Shao and Huang, 2007).  
In order to have an overview of the potential of pervaporation for separating various solvents, 
Shao and Huang (2007) collected the three-dimensional Hansen solubility parameters of over 
50 solvents. Investigation of the solubility parameters shows that for all solvents except 
water, the component of polar interaction δp is always smaller than that of the dispersion 
interaction δd as shown in Figure 2.3(a). So the solubility parameters of all the solvents were 
plotted in Figure 2.3(b) in terms of their two contrasting contributions: δh and δd.  
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Figure 2.3: The comparison of the polar and dispersion contribution of the solvents (a), and 
the grouped organics (b) in terms of the two-dimensional solubility parameter (Shao and 
Huang, 2007)  
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The larger differences between water and the solvents in δh suggest that dehydration of 
organic solvents, and removal of organics, particularly, hydrocarbons and chlorinated 
hydrocarbons from water, are feasible applications for pervaporation (Shao and Huang, 
2007).  A solvent with a solubility parameter similar to the polymer will have high solubility 
(Mulder and Smolders, 1986). 
2.5.2 Functional groups in hydrophilic polymers and hydrogen bonds 
There are three different modes for water sorption in polymer systems: (a). Bulk dissolution 
of water in the polymer (b). Moisture sorption onto the surface of holes that define the excess 
free volume of the polymer structure (c). Hydrogen bonding between hydrophilic groups of 
the polymer and water (Nogueira et al., 2001).  
Flory (1975), Hopfenberg et al.(1981), Semenova et al.(1997) and Hansen (2004) have all 
suggested that hydrogen-bonding interaction is the dominant factor controlling the selectivity 
toward water in hydrophilic pervaporation process. Hydrogen-bonding of water and active 
centre is possible for polymers with the hydroxylic group (e.g. polyvinyl-alcohol); imide or 
maleimide groups which contain pendant imide groups; N-substituted imide groups; 
carboxylic groups; and ether groups. These functional groups are capable of forming strong 
hydrogen-bonding with water (Semenova et al., 1997).  
Mulder (1996) and Semenova et al. (1997) further emphasised that selective diffusion 
depends on the structure and diameter of transport channels within the polymer and the 
permeability is an index measuring the intrinsic mass transport capability of a membrane for 
a species. For the purpose of obtaining high water permeation and sorption selectivity, it is 
necessary to use polymers which contain high active centres capable of this specific 
interaction with water  (Semenova et al., 1997, Ortiz et al., 2005).  
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2.5.3 The jump event and concept of free volume 
Non-porous polymers are without voids other than the free spaces that exist between closely 
packed polymer chains (Park et al., 1996). The rate limiting step for penetrant diffusion can 
be conceptualised as the creation of transient voids in the polymer matrix (Fels and Huang, 
1971, Mullerplathe, 1994, Katoch et al., 2010). The matrix consists of polymer into which 
cavities are embedded as a result of packing inefficiencies and polymer chain molecular 
motion (Crank and Park, 1968, Katoch et al., 2010). These cavities always exist, whether 
there is a penetrant or not, as the polymer molecules do not occupy the entire volume of the 
polymer; furthermore, they are not fixed in nature and can be of the same size magnitude as 
diffusing molecular species (Park and Nibras, 1993, Mullerplathe, 1994, Park et al., 1996). 
They can fluctuate in size and shape and to some degree, but they do not shift, at least not on 
typical molecular dynamics time scales (Mullerplathe, 1994). The whole process therefore 
makes it possible for molecules of a suitable size to then enter these voids and use them to 
move through the polymer (Buss et al., 1995, Nicholson, 2006). Molecular transport, as 
perceived by current free-volume theory, is consequently governed by the probable 
occurrence of two events: 1). A hole of sufficient size appears adjacent to a molecule and 2). 
The molecule will then possess enough energy to jump into the void (Zielinski and Duda, 
1992a, Zielinski and Duda, 1992b). The mass transfer can then be said to be the result of both 
the amount of component which can dissolve in the polymer (solubility) and the rate at which 
it is transported (diffuses) through the polymer (Harogoppad and Aminabhavi, 1991, Buss et 
al., 1995). This concept is illustrated in Figure 2.4. 
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Figure 2.4: Schematic representation of the penetration of solvent molecules in the polymer 
matrix. Initially, A, the penetrant is located in a cavity, separated from the remaining 
accessible volume in the polymer. B, by means of fluctuation, a channel opens up. C, when it 
is wide enough, the penetrant can pass through it. D, the channel closes behind the penetrant 
and E, the initial and final cavity becomes separated again (Adapted from Mullerplathe, 
1994). 
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2.6 Membrane permeability and selectivity  
The standard solution-diffusion equation is commonly used to describe permeation (Baker et 
al., 2010): 
ji =  
D𝑖𝐾𝑖
𝐺
𝑙
 ( 𝑃𝑖𝑜 −  𝑃𝑖𝑙  )  =   
𝑃𝑖
𝐺
𝑙
 ( 𝑃𝑖𝑜 −  𝑃𝑖𝑙 )     (2.8) 
where l is the membrane thickness and Di is the membrane diffusion coefficient (cm
2
/s) of 
component i, Pio and Pil are the partial pressures of component i on either side of the 
membrane (surfaces o and l), 𝐾𝑖
𝐺  (cm
3
(STP)/cm
3
cmHg) is the sorption coefficient of 
component i, linking the partial pressure of the gas to the concentration in the membrane 
phase (Baker et al., 2010). 
Membrane permeability (𝑃𝑖
𝐺  ), is a component flux normalised for membrane thickness and 
driving force and, given as (Baker et al., 2010): 
 𝑃𝑖
𝐺= Di𝐾𝑖
𝐺  = ji 
𝑙
 𝑃𝑖𝑜 − 𝑃𝑖𝑙 
          (2.9) 
Alternatively, when the membrane thickness is not known, membrane permeance (𝑃𝑖
𝐺/l), a 
component flux normalised for driving force can be used (Baker et al., 2010): 
 
𝑃𝑖
𝐺
𝑙
 = 
D𝑖𝐾𝑖
𝐺
𝑙
 = 
j𝑖
 𝑃𝑖𝑜 − 𝑃𝑖𝑙 
            (2.10)  
Membrane selectivity is defined as the ratio of the permeabilities of components i and j 
through the membrane: 
 𝛼𝑖𝑗= 
𝑃𝑖
𝐺
𝑃𝑗
𝐺 = 
𝑃𝑖
𝐺/𝑙)
𝑃𝑗
𝐺/𝑙)
          (2.11) 
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The solution-diffusion model can be used to normalise permeant fluxes by expressing driving 
force as a vapour pressure difference rather than a concentration difference (Baker et al., 
2010). An advantage of their approach is that the role of the operating conditions of 
pervaporation (feed temperature and permeate pressure) becomes clear and can be tested 
experimentally (Wijmans and Baker, 1993, Baker et al., 2010). Membrane performance can 
be separated from the operating conditions, so that comparison of pervaporation separation 
data from various sources can be made, even if the operating conditions are not identical. 
Baker et al. (2010) further showed that using permeabilities and selectivities decouples the 
variation in flux and separation factor due to vapour-liquid equilibrium effects from true 
variations in the permeation properties of the membrane. A distinction can then be made 
between intrinsic membrane properties and the influence of the experimental conditions.  
2.7 Summary 
There is still only partial understanding about the contaminant transport mechanisms 
controlling the process in pervaporation, and especially with the here-studied tubular thick-
walled hydrophilic pervaporative membrane for irrigation applications, vis-a-vis free volume, 
molecular size effects, hydrogen bonding, and solubility. There is very limited information 
regarding the removal of salt and organic micro-pollutants from water by hydrophilic 
pervaporative membranes and only a theoretical hypothesis regarding the relative removal of 
organics based on their chemical properties. 
Membrane properties and operating conditions have been neglected in previous studies of the 
separation performance which hinder the comparison of data for different processes.  
Though  Korngold et al. (1996), Quiñones-Bolaños et al.(2005a), Quiñones-Bolaños et 
al.(2005b), Korin et al.(1996a) and Quiñones-Bolaños and Zhou (2006) have all carried out 
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some analysis on permeate flux and salt rejection by similar PV membrane systems, there is 
no available information in literature on characterisation of the type of tubular PV polymer 
membranes used in this study and no rejection data for organic contaminants such as 
benzene, toluene, ethylbenzene, xylene (BTEX) which may commonly occur in oilfield 
produced waters. Furthermore, the relative rejection of organic compounds by PV has only be 
theorised and not investigated experimentally.  
Characterisation of the membrane using immersion and partitioning methods with water, salt, 
BTEX, 1,2-diethylbenzene, 1,2-dichlorobenzene, phenol, 2-phenoxyethanol, fluorene and 
naphthalene as model contaminants will give an insight on the diffusive transport of water 
across the hydrophilic membrane and at what rate other contaminants may also be 
transported. Soil based tests with water flux into the soil and removal of model contaminants 
will be the dependent/response variables.  
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CHAPTER 3  
3.0 MATERIALS AND METHODS  
3.1 Description of tubular pervaporation polymer membranes  
The polymer membranes that were used in this research were non-porous hydrophilic 
membranes composed of a thermoplastic block copolymer of the polyester family synthesised 
by Du Pont de Nemours International (Geneva, Switzerland) and extruded into a corrugated 
tubular form with inner corrugate diameter of 19mm, outer corrugate diameter of 23mm, 
membrane thickness of 0.75 mm and ridge width of 7mm corresponding to a linear mass of 
90 g per metre length of tube. Tubes of linear mass 70 g·m
-1
 and 56 g·m
-1
 corresponding to 
approximate thicknesses of 0.6 mm and 0.5 mm, respectively, were tested for comparison. 
Linear mass is considered to be a more reliable descriptor of wall thickness because cross-
sectional dimensions can vary slightly.  
3.2 Immersion/water sorption tests 
These tests involved the membrane material immersed in a container filled with the solvent, 
covered and periodically removed and weighed (Hopfenberg et al., 1981, Berens, 1989, Park 
et al., 1991, Islam and Rowe, 2009, Katoch et al., 2010). They were designed to monitor the 
amount of solvent absorbed by the membrane and the rate of water sorption.  Water sorption 
was investigated under varied starting contaminant concentrations and temperatures. 
The materials, chemicals and equipment used were: 
 Tubular polymer membrane tubes provided by DuPont de Nemours International, 
Geneva, Switzerland.  
 Laboratory analytical grades of sodium chloride, magnesium chloride, and aluminium 
chloride obtained from Fisher Scientific, Loughborough, UK. 
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 Laboratory analytical grade of humic acid obtained from Fisher Scientific, 
Loughborough, UK and Sigma-Aldrich, Dorset, UK. 
 Jenway 470 Electro-conductivity meter from Jenway Limited, Essex, UK. 
 Perkin-Elmer Lambda 3 UV Spectrometer from Perkin-Elmer, Cambridge, UK.  
 Sartorious LA 120S laboratory weighing balance from Sartorious AG Goettingen, 
Germany.  
 Memmert W200 water bath manufactured by Memmert GmbH, Germany.  
 Mercury thermometer (general purpose) from Fisher Scientific, Loughborough, UK.  
 500 ml Pyrex® sealed media storage bottles and reusable screw caps from Sigma-
Aldrich, Dorset, UK.  
 Glassware: 500 ml flat bottom flasks, pipettes, 100-500 ml graduated measuring 
cylinders, 100-1000 ml beakers, funnels etc available in the laboratory cupboard 
collection. 
The polymer tube was cut into lengths of 14.7 cm to fit the height of a Pyrex
® 
sealable bottle. 
Eight pieces of this length, amounting to a total average surface area of 850 cm
2
,
 
were 
inserted in the 500 ml teflon sealable bottle, immersed in an excess amount of solvent and 
closed as shown in Figure 3.1 (i.e. eight pieces of tube per bottle). After each elapsed time 
period of experimental interest, the polymer was removed, weighed and replaced.  
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Figure 3.1: Tubular membrane pieces immersed in solvent 
These tests continued over sufficient time for swelling equilibrium (i.e. a constant mass) to be 
attained. The tests were used to measure the rate at which the solution was absorbed by the 
polymer, as well as the diffusivity coefficient, D. Initially, deionised water was considered 
and then solutions of humic acid (Wang et al., 2001a, Wang et al., 2001b), NaCl (APHA, 
2005) (Method4500-CL-B), MgCl2 (APHA, 2005) (Method4500-CN-C), and AlCl3 (APHA, 
2005) (Method4500-S-B) were considered over a range of 30 to 150 g/l. This range covered 
the typical salt concentrations generally observed in produced waters. A water bath was used 
for temperature-regulated experiments; the temperature was confirmed with a thermometer. 
The solution was poured into the 500 ml Pyrex
® 
sealable bottle containing the membrane and 
the bottle placed in the water bath.  After pre-determined time points the polymer was 
weighed as described above. 
The first set of the experiments monitored the mass of deionised water that was absorbed 
within the tube walls over time. It was observed that, because of its strongly hydrophilic 
nature, the membrane initially swelled very quickly. Subsequently mass measurements were 
taken at 0, 2, 5, 10, 15, 20, 30, 60, 120, 180, 240, 300, and 1440 minutes. The initial short 
time interval was to cover the rapid swelling of the membrane in order to obtain a reliable 
Pyrex
®
 bottle 
Polymer tubing 
Solvent 
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gradient for determining the diffusion coefficient. The longer time intervals were to ensure 
complete swelling conditions was reached. This was characterised by a plateau region in the 
plot of mass gain versus time. These tests showed that 24 hours was sufficient time to 
generate a sorption curve indicating a Fickian trend  (Crank, 1975, Berens, 1989).  
The second set of the experiments used concentrations of humic acid, NaCl, MgCl2, and 
AlCl3 solutions. The amount of solution that was absorbed within the tube walls over time 
and the change in concentration of the solution in the bottle were monitored as before. The 
measurements were taken after 0, 15, 30, 60, 120 and 180 minutes. These times were 
sufficient for equilibrium sorption values to be reached and continuation of the experiments 
would only extend the plateau of the sorption curves.   
 
Figure 3.2: Temperature bath sorption experiments 
The third set of experiments was carried out with the bottles in a water bath to monitor the 
effect of increasing the temperature of solution on the amount of solvent absorbed within the 
tube walls (Figure 3.2). Temperatures of 30
o
C, 40
o
C and 50
o
C were used to cover the range 
of extreme water temperatures that may occur in arid regions. Deionised water and solutions 
of 35 g/l, 70 g/l and 150 g/l NaCl were used as feeds. Humic acid solution of 1 g/l, 2 g/l as 
Tube in solvent filled bottle  
Temperature water bath 
Temperature regulation knob 
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well as a combination of 1 g/l humic acid and 35 g/l NaCl was also used as feed. Temperature 
of solution, membrane mass, volume of the feed and feed solution concentration at 0, 15, 30, 
60, 120 and 180 minutes were recorded.    
 
3.3 Permeation/diffusion test 
This test was used to evaluate the rate of solvent and contaminant transport across the tubular 
polymer membrane and is a standard test in membrane research (Buss et al., 1995, Park et al., 
1996, Haxo and Lahey, 1988, Islam and Rowe, 2009). 
The main aim of the permeation test was to calculate the rejection of contaminants and the 
permeate flux under different operating conditions of starting contaminant concentration in 
the feed and surrounding media of sand, soil and air. The objective was evaluation of the 
permeability, contaminant removal and selectivity of the tube.  
The materials, chemicals and equipment used were: 
 Tubular polymer membrane tubes provided by DuPont de Nemours International SA, 
Geneva, Switzerland.  
 Laboratory analytical grades of sodium chloride and humic acid obtained from Fisher 
Scientific, Loughborough, UK. 
 Laboratory analytical standards of 1,2 diethyl benzene, 1,2 dichlorobenzene, 2 
phenoxy ethanol, phenol, naphthalene, and fluorene obtained from Sigma-Aldrich, 
Dorset, UK. 
 Laboratory analytical standards of Benzene, Toluene, Ethylbenzene, m-Xylene, o-
Xylene, p-Xylene (BTEX) obtained from Sigma-Aldrich, Dorset, UK.  
 Methanol HPLC grade obtained from Sigma-Aldrich, Dorset, UK. 
 Top soil obtained from B&Q, Acton, UK. 
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 Silver sand obtained from Homebase, London, UK  
 Jenway 470 Electro-conductivity meter from Jenway Limited, Essex, UK. 
 Perkin-Elmer Lambda 3 UV Spectrometer from Perkin-Elmer, Cambridge, UK.  
 Shimadzu UV-2401 PC UV-Vis recording spectrophotometer manufactured by 
Shimadzu, Kyoto, Japan. 
 Sartorious LA 120S laboratory weighing balance from Sartorious AG Goettingen, 
Germany.  
 Sand box container measuring 400mm x 200mm x 60mm 
 Retort stand and clamps available in the laboratory cupboard collection 
 Clear neoprene tube obtained from chemical engineering department store 
 8 mm flexible rubber pipe and rubber bungs available in the laboratory cupboard 
collection 
 Parafilm and foil paper available in the laboratory   
 Glassware: 500 ml flat bottom flasks, pipettes, 100-500 ml graduated measuring 
cylinders, 100-1000 ml beakers, funnels etc available in the laboratory cupboard 
collection. 
Each end of a 400 mm length of PV tubular membrane was inserted into a neoprene tube 
leaving 350 mm of the PV tubular membrane for pervaporation to occur. Both ends were 
tightly wound with parafilm to seal all gaps between the PV tube and neoprene tube to 
prevent leakage. The tubes were filled with deionised water or known concentrations of 
contaminant solutions and then the ends were tightly plugged with rubber bungs and sealed. 
Salt solutions were prepared in deionised water at 30 to 150 g/L, which were intended to 
represent the range of water salinities in oilfield-produced water. Humic acid solution of 1 
g/l, 2 g/l as well as a combination of 1 g/l humic acid and 35g/l NaCl were also used as feed 
to represent dissolved organic matter DOM.  
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The sealed pipes were placed in top soil and silver sand filled boxes and covered (Figure 3.3) 
to a depth of about 55 mm. This was to simulate burial of the tubes in the irrigation 
applications. The experimental work was carried out under laboratory conditions at 21±1oC.  
 
      
Figure 3.3: Schematic diagram of experimental set-up for permeation in soil and sand (a) 
with cross section A-A (b) (not-to-scale) 
The tubes in soil and sand were removed and weighed daily to measure mass change and 
calculate permeate flux. All tubes were weighed quickly (the process took no more than three 
minutes) to minimise potential water losses during weighing. This led to results for average 
cumulative flux from the daily weighing being in  agreement (±0.0002 g) to that which was 
obtained for just initial and final readings for a week. Each test was replicated at least three 
times and the standard deviation in the masses being measured was found to be low relative 
to the mean values (0.0001 – 1.9 g). At the end of an experimental run, the concentration of 
the contaminant solution in the tube was measured. The initial and final concentrations of the 
contaminant solutions within the tube were used to quantify the percentage salt rejection. 
Each test was replicated at least three times.  
This experimental design was intended to simulate real irrigation applications in which the 
filled tube would be placed within soil and covered; it differs from previous pervaporation 
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studies in that in the present experiments no provision was made to maintain a high vapour 
pressure gradient across the membrane (e.g. using a vacuum or dehumidifier).  
Salinity of the experimental sand was quantified by comparison with a control sand sample 
from the same batch and of equal mass using the standard method of mixing one part of sand 
with five parts distilled water (Watling, 2007, Hardie and Doyle, 2012). For example, 200 L 
of sand was washed with 1 L of deionised water. The container was shaken vigorously for 
20-30 minutes and stirred again to ensure homogeneity, ensuring all salt was dissolved. 
Particles were allowed to settle before taking the electro-conductivity reading of the solution 
with a Jenway 470 Electro-conductivity meter.  The difference in conductivity between the 
sand used for permeation experiment and the control sand was used to determine salinity.  
Desorption tests were carried out after the permeation test by soaking the membrane in 1 litre 
of deionised water for 12 hours.  This was sufficient time for the tube to fully desorb any 
contained contaminants as determined by a constant concentration of the desorbed solution at 
3 hours and 12 hours. The concentration of the desorbed solution was measured to determine 
the amount of solute (contaminant) that was adsorbed in the tube wall. Salt concentrations 
were quantified using a Jenway 470 electro-conductivity meter and humic acid concentration 
was quantified with a Perkin-Elmer Lambda 3 UV spectrometer at 254 nm.  
To study  permeation across the membrane when surrounded only by air, the two ends of the 
sealed pipe were each clamped to a retort stand leaving the remainder of the tube suspended 
(in air) on the laboratory bench top under laboratory conditions at 21±1oC (Figure 3.4). The 
tubes were unclamped and weighed daily to measure mass change and calculate permeate 
flux. As in the sand and soil experiments, no provision was made to maintain a high vapour 
pressure gradient across the membrane. In this set up, the driving force was the vapour 
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pressure difference between the surrounding ambient environment and that in the solvent 
filled tube.   
       
Figure 3.4: Illustration of tubular membrane clamped and suspended in air  
The air permeation experiments were carried out for 24 hours for humic acid solution and 7 
days for sodium chloride; benzene, toluene, ethylbenzene, xylenes (BTEX); 1,2 diethyl 
benzene, 1,2 dichlorobenzene, 2 phenoxy ethanol, phenol, naphthalene, and fluorene. Sodium 
chloride concentrations were chosen to represent the high salinity of oilfield produced waters 
and desert aquifer waters. Humic acid solution was selected to represent dissolved organic 
matter (DOM) which is often present in produced water. The hydrocarbon organic 
compounds were selected because of their relative abundance in total petroleum hydrocarbon 
(TPH) and particularly in oilfield produced waters.  
The tubes used for air permeation were also desorbed after all permeation tests by soaking the 
membrane in 1 litre of deionised water for 12 hours, which was confirmed as sufficient time 
for the tubular membrane to fully desorb contaminants. The concentration of the desorbed 
solution was measured to determine the amount of solute (contaminant) that was adsorbed in 
the tube wall (Comyn, 1985, Berens, 1989).  
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A long term air permeation experiment using NaCl of 70 g/l over 120 days was also 
conducted using a feed tank for continuous supply (Figure 3.5). 
 
 Figure 3.5: Schematic diagram of the air permeation experiment 
The tube was filled by opening the supply tap between the feed tank and tubular membrane 
and the retentate purge tap was opened to eliminate air from the system. The contaminant 
solution exiting at the purge tap was emptied back into the feed tank.  
Permeation tests were used to evaluate the rate of solvent and contaminant transport across 
the tubular polymer membrane from inside to outside. The initial mass and final mass of the 
feed tank was measured for estimation of permeate flux. The initial and final contaminant 
concentrations of the feed solutions were measured to determine contaminant removal.  
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3.4 Analytical Methods 
3.4.1 Electro-conductivity  
Conductivity method was used in this experiment because of its high sensitivity and greatest 
precision measurement of ±0.0002 mS/m (APHA, 2005) method 2510B. A Jenway 470 
Electro-conductivity meter was used to analyse sodium chloride concentration (APHA, 
2005). The cell constant of the electro-conductivity meter was set by calibrating 0.745 g/L 
potassium chloride to 1413 micro-siemens at 21
o
C. A standard curve was then created by 
measuring the electroconductivity of sodium chloride with known concentrations over a 
range of 0 to 180 g/l and plotting the results (Appendix 3.1).  
3.4.2 Ultraviolet and Visible (UV-Vis) spectrophotometry  
UV-Vis spectrophotometry (Shimadzu UV-2401 PC) was applied to quantify 1,2 diethyl 
benzene, 1,2 dichlorobenzene, 2 phenoxy ethanol, phenol, naphthalene, and fluorene; humic 
acid; benzene, toluene, ethylbenzene, m-Xylene, o-Xylene, p-Xylene (BTEX). The 
wavelengths used for the different compounds are shown in Table 3.1. 
The wavelength for 1,2 dichlorobenzene was 220 nm based on the absorbance peak which 
gave the best calibration coefficient (Appendix 5.12). For BTEX compounds, the monitored 
wavelengths were between 190-210 nm based on earlier reports of the best calibration 
coefficient (Negrea et al., 2008).  
 
 
 
 
67 
 
Table 3.1: UV wavelengths used for quantifying the concentrations of the organic 
contaminants considered in this study   
Compound  Wavelength λ Reference 
humic acid  254nm (Wang et al., 2001a, Wang et al., 2001b) 
phenol 254nm analytical standards reference for data sheet (Sigma-
Aldrich UK) 
2 phenoxy ethanol 254nm analytical standards reference for data sheet (Sigma-
Aldrich UK) 
Naphthalene 254nm (Shaw et al., 2006a) 
Fluorene 254nm (Shaw et al., 2006b) 
1,2 diethyl benzene 193nm (Shaw et al., 2006a) 
1,2 dichlorobenzene 220nm best calibration correlation as measured in this study 
Benzene 200 nm (Negrea et al., 2008) 
Toluene 200 nm (Negrea et al., 2008) 
Ethylbenzene  210 nm (Negrea et al., 2008) 
xylenes 210 nm (Negrea et al., 2008) 
 
3.4.3 Scanning Electron Microscopy (SEM) 
A JEOL JSM-6400 scanning electron microscope (SEM) was used for viewing dry tube 
samples, including those exposed to salt solution. Samples were completely dried on the 
bench top overnight. The dried samples were placed on a 1 cm diameter SEM cylindrical 
mount using a sample holder. The sample was then held in place by a double coated 
conductive carbon tape. Silver paint was used to smoothen out uneven areas of the membrane 
sample. The mounted sample was sputter coated with a thin layer of gold using a BioRad 
SEM coating system to a thickness of about 20 nanometers. This conductive coating acted as 
an electrical insulation to prevent charge build-up on the samples. The prepared samples were 
then placed into the specimen chamber of the SEM. An energy-dispersive x-ray spectroscope 
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(EDS integrated in the SEM) and INCA software were used to quantitatively determine the 
elemental composition of areas of interest and selected points/spots of salt deposition on the 
membrane sample being imaged by the SEM.  
3.4.4 Polymer viscosity 
Viscosity measurements were carried out on the polymer tube samples to determine the effect 
of salts on the membrane structure and morphology. Selected tube samples used for sodium 
chloride sorption and permeation experiments were sent to Du Pont de Nemours International 
SA, Geneva, where viscosity measurements were carried out. Viscosity measurements were 
determined using an Instron CEAST Modular Melt Flow Index tester and method ISO 1133D 
(at 220°C/2.16kg, after drying for one hour at 135°C).  
3.5 Organic Standards Preparation  
The organic standards were prepared using EPA Method 5000 (EPA, 1996)  for each of 
benzene, toluene, ethylbenzene, m-xylene, o-xylene, p-xylene (BTEX), 1,2 diethyl benzene, 
1,2 dichlorobenzene, 2 phenoxy ethanol, phenol, naphthalene, and fluorene. The 
concentrations of the stock solutions are shown in Appendix Table A7.1. 
Working solutions were prepared to the feed starting concentrations needed for each 
experiment. Calibration standards for aqueous samples were prepared by carefully adding the 
secondary dilution standards to 100 mL – 1000 mL volumes of deionised water. A six-point 
calibration was performed over the range of working concentrations. These aqueous 
standards were prepared fresh before each experiment.  
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3.6 Effect of BTEX volatility and confined air permeation experiments 
The initial feed concentrations of m-xylene, o-xylene, and p-xylene in the tubular membrane 
decreased significantly during the seven day air permeation testing period to 29%, 27% and 
30% of the initial as shown in Table 3.2. For benzene, toluene and ethylbenzene, the decrease 
in feed concentration from the initial was 72%, 58% and 74% respectively.  
Table 3.2: Percentage of initial feed concentration remaining in tubular membrane after 
seven day permeation tests 
Compound Initial feed 
concentration (mg/l) 
Percentage of initial feed 
concentration remaining (%) 
Benzene 100 72 
Toluene 50 58 
Ethylbenzene 50 74 
m-xylene 50 29 
o-xylene 50 27 
p-xylene 50 30 
 
This decrease in concentration was attributed to the increased headspace generated in the 
tubular membrane as the volume of solution was decreasing because of permeate flux out of 
the tube. Because BTEX compounds are highly volatile, this increased headspace generated 
room for volatilisation. Once the tube ends were opened to take the feed sample for analysis, 
some of the BTEX in the headspace escaped immediately into the fume chamber.  
To verify and evaluate the decrease in initial feed concentration that occurred during the 
permeation experiments from the headspace created over time in the tubular membrane, 
control tests were conducted in a chemical resistant impermeable pipe. The pipes were half 
filled with benzene, toluene, ethylbenzene and xylenes BTEX solutions leaving a large 
headspace. The tubes were then sealed tightly and left for seven days after which the feed 
solution was tested. Results of the feed concentration at the end of seven days are shown in 
Table 3.3.  
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Table 3.3: Percentage of initial feed concentration remaining in control experiments 
compound Percentage of initial feed 
concentration remaining (%) 
Benzene 14 
Toluene 13 
Ethylbenzene 6 
m-xylene 8 
o-xylene 9 
p-xylene 9 
 
It can be seen from the results that for all the solutions, there was a significant decrease in 
concentration (8 – 14% remaining) which was even lower than that obtained for the tubular 
polymer membrane in study. This could be attributed to the fact that for this set of 
experiments, from day 1 there was enough headspace to allow for increased volatilisation of 
the BTEX solutions since the pipe was only half filled. However, in the case of the tubular 
membrane in study, the headspace was generated gradually over time from permeation across 
the membrane. 
These results further confirmed that the decrease in BTEX concentration in solution in the 
tubular membranes in study was from volatilisation of BTEX solutions and escape when the 
tubes were opened, and not from permeation of BTEX across the membrane. As such, 
confined air experiments were designed to assess BTEX levels in the surrounding air without 
the need to open the tubes. 
Contained/confined experiments were conducted using an enclosure (dessicator) and sorbent 
tubes to trap any BTEX that were permeating across the membrane in the set-up shown in 
Figure 3.6. Water vapour and BTEX permeating across the tubular membrane were trapped 
within the contained air enclosure. This experimental design allowed for permeate flux to be 
quantified from change in measured initial mass of the filled tubes and the final mass. The 
percentage rejection was quantified from the amount of BTEX trapped in the contained 
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enclosure and measured using diffusive sampling sorbent tubes. The design was also to 
mimic exposing the tubes to natural outdoor environmental conditions. 
            
Figure 3.6: Schematic diagram of contained/confined air experiment for BTEX  
The experiments were carried out by placing BTEX solution filled tubes in the enclosure 
(dessicator) with both ends tightly wound with parafilm to seal all gaps and prevent any 
leakage. 1 litre of topsoil was added to the desiccator and a wire mesh was used to cover the 
topsoil before the tubular membrane filled with BTEX solution was placed in the desiccator. 
The tube was placed on the wire mesh to avoid direct contact with the topsoil as results of 
permeate flux could be affected by moisture condensation on the soil. The maximum 
humidity allowed for the sorbent sampler was 80% and this was monitored with a HTC-1 
LCD Digital temperature/humidity meter thermometer and hygrometer. The topsoil could 
also have contributed to reducing the rate at which humidity increased in the chamber 
because of the natural sorbent properties that has been observed from humus chemistry of 
soils (Peña-Méndez et al., 2007). Air samples were taken using Perkin-Elmer ATD-type 
thermal desorption tubes packed with Carbopack-X designed for use in diffusive/passive air 
sampling (Esteve-Turrillas et al., 2007, Esteve-Turrillas et al., 2009, Ly-Verdú et al., 2010). 
The sampling tubes were placed in a beaker with the diffusive end caps pointing upwards in 
the desiccators to ensure the complete exposure of the sampling end of the tube. The 
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desiccators were then immediately covered and the experiment was stopped at 20 hours, 
when the humidity was 75%. Multicomponent solution of total benzene, toluene, 
ethylbenzene and xylenes BTEX with concentrations of 160 mg/l and 400 mg/l were tested to 
reflect different values obtained in oilfield produced water at different locations (Stephenson, 
1992a, Stephenson, 1992b). Triplicate experiments were carried out for each concentration. 
National Physical Laboratory UK procedure (NPL-ProcedureQPDQM/B/526) was used for 
analysis of volatile organic compounds collected on the sorbent sampler tubes in the 
contained air permeation experiments. This method was based on (EN:ISO16017-1:, 2001). 
The method used was accredited to (ISO17025, 2005) by the United Kingdom Accreditation 
Service (UKAS). This method combines automatic thermal desorption (ATD) coupled to gas 
chromatography (GC), which is fitted with a flame ionisation detector (FID). The tube was 
purged with an inert gas and then heated, whilst a stream of carrier gas passed through the 
tube to desorb trapped compounds. These were then passed through a cold trap and 
cryofocused before being injected onto an OV-1701 type capillary column (SGE Analytical 
Science, UK) for separation of individual species. The identification of the individual species 
was achieved by retention time comparison, the identification of any analyte being 
determined by comparing the retention time of that analyte with the retention time of the pure 
component, run under identical conditions.     
For each analytical run a suitable series of standards was prepared and run with the samples, 
to produce an individual multipoint calibration. A series of sixteen standards was prepared for 
quantification. These standards contained n-hexane, benzene, n-octane, toluene, 
ethylbenzene, m/p-xylene, o-xylene.  
Standards were prepared from pure liquid hydrocarbons and serial diluted to obtain a 
calibration series, in accordance with National Physical Laboratory UK Desk Instruction 
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QPDIPS/010. Aliquots of selected standards were injected into sorbent tubes and analysed 
with each batch of samples, in accordance with National Physical Laboratory UK Desk 
Instruction QPDIPS/010. 
Performance guidelines for measurement procedures for ambient air quality monitoring are 
given in (BS:EN13528-1, 2002). Full validations require both laboratory testing and field 
testing. However from (BS-EN:ISO16017-2:, 2003) the field precision of environmental 
sampling may be expected to be in the range 5% to 11%, the combined precision about 15% 
and the resulting overall uncertainty 30% at 95% confidence limits. The assigned total 
uncertainty for benzene is 30% or 0.3 μg/m3 (95% confidence) (whichever is the greater). 
The overall uncertainty related to the measurement of, for example toluene, ethylbenzene and 
xylene is expected to be similar to that of benzene. 
Identification of any analyte is based on a comparison of the retention time of the analyte 
compared to the retention time of the pure component run under the same conditions. The 
absence of co-eluting components cannot be guaranteed. It was assumed that there was 100% 
desorption of all species from the Carbopack-X tubes and this was not tested.  
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3.7 Summary of description of methods and results chapters and sections applicable 
Table 3.4 Summary of description of methods and applicable chapters  
Method Description section Relevant results section 
Sorption tests 3.2  4.4.1, 5.5.1 
Air permeation tests 3.3 4.4, 4.4.3, 5.4, 5.5, 6.4 
Sand/soil permeation tests 3.3 4.4, 5.5 
Electro-conductivity analysis 3.4.1 4.4, 5.5 
UV-vis spectrophotometry 3.4.2 5.4, 5.5  
Viscosity analysis 3.4.4 4.4 
Scanning electron 
microscopy 
3.4.3 7.4 
Confined air experiments 3.6. 6.4 
BTEX analysis by GC-FID 3.6 6.4 
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CHAPTER 4 
4.0 REJECTION OF SALT BY PERVAPORATIVE MEMBRANES 
DESIGNED FOR IRRIGATION APPLICATIONS 
4.1 Introduction 
The predominant inorganic components of produced waters are dissolved salts, which can be 
found at concentrations exceeding even those of seawater (Lyons, 1996, Reis, 1996, Neff, 
2002, Tellez et al., 2002). Total dissolved solids (TDS) concentrations range from 100mg/l to 
as high as 300,000 mg/l and while the large majority of these salts consist of sodium chloride 
(approx. 80% of the TDS), the ionic composition of these waters may vary considerably 
(Tellez et al., 2002, Neff, 2002).  
Reuse of oilfield produced water generally necessitates desalination or demineralisation, such 
as by distillation or reverse osmosis (RO) membrane treatment (Fakhru'l-Razi et al., 2009). 
However, these technologies have the drawback of high energy consumption. Hence there is 
an opportunity for processes which can treat produced water in a more passive and less 
energy intensive fashion. One possibility is the application of the tubular pervaporative 
membranes to treat and reuse produced water for irrigation without energy input. Limited or 
no power consumption and selective separation of multi-component liquids make 
pervaporation a potentially suitable method for treating high-salinity wastewater. While there 
is only a limited amount of research, pervaporation has shown promise in desalination 
applications. This includes for the production of irrigation water (Korin et al., 1996a, 
Quiñones-Bolaños et al., 2005a, Quinones-Bolanos et al., 2005b), where hydrophilic 
membranes have been used to facilitate selective permeation of water and reject 
contaminants.  
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4.2 Aims and Objective 
The objective of this chapter was to quantify and characterise the transport, specifically 
sorption, permeation and rejection of water and salt across the tubular pervaporative polymer 
membrane when surrounded by deionised water, air, top soil and silver sand. 
4.3 Materials and Method 
The experiments were carried out as detailed in Chapter 3. See Table 3.2 for the methods that 
are relevant to this chapter. 
The permeate flux  J𝑖  is defined as the amount of mass or moles (M) of a compound i 
permeating through the membrane per unit of time (t) per unit area (A) (Quiñones-Bolaños et 
al., 2005a)  
Ji  =  
M𝑖
At
          (4.1) 
Or, in terms of volume V, (Quinones-Bolanos et al., 2005b)  
Ji  =  
Vp
At
         (4.2) 
Where, Vp is the volume of water passing through a unit area, A of the membrane per unit 
time, t into the soil, sand and air medium. 
Rejection of contaminants by pervaporation is commonly expressed in terms of enrichment 
factors, the ratio between the concentration of a component (e.g. salt or other contaminant) in 
the permeate (Cp) to that in the feed (Cf) (Quiñones-Bolaños et al., 2005a):  
β = 
Cp
Cf
           (4.3) 
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While percentage rejection (R) is calculated as: 
 %𝑅 = (1 −  
𝐶𝑝
𝐶𝑓
) · 100       (4.4) 
where Cp and Cf are as defined above.  
 
4.4 Results and Discussion 
4.4.1 Sorption Tests 
For deionised water, because by convenient experimental arrangement the concentrations just 
within the surface of tubular membrane of thickness 𝑙, are maintained constant, the amount of 
diffusant, Mt taken up by the membrane in a time, t is given by the equation (Crank and Park, 
1968): 
 
Mt
  M∞
= 4 (
Dt
𝑙2
)
1
2
(
1
π
1
2
+ 2 ∑ (−1)n∞n=0 ierfc 
n𝑙
2(Dt)
1
2
)         (4.5) 
The water uptake is considered to be a diffusion process controlled by a constant diffusion 
coefficient, D, and M∞ is the equilibrium sorption attained theoretically after infinite time. 
The value of D can be deduced from an observation of the initial gradient of a graph of 
Mt/M∞ as a function of (t/l
2
)
1/2 
(Crank and Park, 1968). This observation is made easier by the 
fact that, for a constant diffusion coefficient, the graph for a sorption experiment is a straight 
line, to within the normal limits of experimental error, for Mt/M∞ as much as about 50 percent 
(Crank and Park, 1968).  
The mean water uptake for the tube in deionised water was 0.5 L∙m-2  ± 6.7 x 10-3 after 180 
min at 22
o
C, with behaviour following that of an ideal solution-diffusion process (Figure 4.1). 
The sorption rate in the first 15 min after immersion was highest and then gradually 
decreased until equilibrium was reached. Fickian diffusion kinetics were confirmed by the 
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initial linearity of the Mt/M∞ versus (t
1/2
/l) plot before a plateau was reached after a (t
1/2
/l) 
value of 4.76, equivalent to 120 min seen in Figure 4.1 (Crank and Park, 1968). The plateau 
regions of these curves provide equilibrium sorption values, with the linear region extending 
over 60% of M∞. The diffusion coefficient D for deionised water ranged from 4.1-5.0 x 10
-7 
cm
2∙s-1 ± 9.7 x 10-9 at room temperature.  
 
Figure 4.1: Mean water uptake for 850 cm
2
 of the tubular membrane immersed in deionised 
water  
 
For the majority of membrane processes, swelling is typically diffusion-  rather than sorption-
limited (Baker, 2004). The quantity of deionised water absorbed as a percentage of initial 
tube mass was 62% after 120 min. This is significantly greater than mass gains for industrial 
pervaporation applications, which are typically of the order 2-20% (Baker, 2004), and even 
higher than the 39% increase in mass reported for a hydrophilic dense membrane used in an 
earlier pervaporation study (Quiñones-Bolaños et al., 2005a, Quinones-Bolanos et al., 
2005b). The higher value in the current study indicates the membrane was heavily swollen, 
which in turn is likely to increase fluxes through the membrane but reduce the selective 
rejection of contaminants as the material becomes plasticized (Baker, 2004).   
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A Fickian representation of the solution-diffusion process was observed at all tested salt 
concentrations. The amount of liquid absorbed by the membrane was always reduced in the 
presence of various salts, relative to deionised water. Furthermore, the mass gained by the 
membrane reduced as the salt concentration increased, illustrated by % mass gains after 120 
min of respectively 58, 56, 48 and 41% in the presence of 30, 50, 100 and 150 g∙L-1 of 
sodium chloride solution (Figure 4.2). The diffusion coefficient D for sodium chloride 
solutions ranged from 4.1-5.0 x 10
-7 
cm
2∙s-1 ± 9.7 x 10-9 at room temperature.  
 
Figure 4.2: Sorption curve for 850 cm
2
 of the tubular membrane immersed in sodium 
chloride solutions (n = 6; T = 25 °C)  
In general the presence of solutes in water will increase entropy and have the effect of 
lowering the chemical potential of the solution in question (Atkins, 1994). This reduction will 
also manifest itself in reduced adsorption (and vapour pressure), both of which can be viewed 
as the escaping tendency of the solute (Bartell et al., 1951). Vapour pressures (PVAP) for 
sodium chloride solutions were calculated using the polynomial method of (Sparrow, 2003): 
𝑃𝑉𝐴𝑃 = 𝐴 + 𝐵𝑇 + 𝐶𝑇
2 +  𝐷𝑇3 + 𝐸𝑇4       (4.6) 
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where T is temperature and A – E are empirically-derived constants which depend on sodium 
chloride concentration. Respective calculated PVAP values at 25 °C for 30, 50, 100 and 150 
g∙L-1 of sodium chloride solution are 2.99, 2.94, 2.90, 2.80 and 2.67 kPa illustrating the 
reduced vapour pressure.  
Other factors may have contributed to reduced water uptake in the presence of salts. 
Although the membrane is nominally non-porous, the presence of pores and a pore-blocking 
mechanism cannot be excluded as a contributory factor. An alternative possibility is that ionic 
interactions affected molecular forces, such as van der Waals interactions, between the 
hydrophilic membrane surface and water, in turn reducing adsorption. It has also been 
previously suggested that at higher salt concentrations the polymer became less flexible and 
consequently of higher viscosity due to effective cross-linking (Mullerplathe, 1994, 
Watanabe et al., 1986). However, melt flow rate viscosity values for tube samples pre-
exposed to 35 and 70 g∙L-1 sodium chloride solution were measured by DuPont and found to 
be similar at 2.6 and 2.3 g/10 min respectively, compared with 1.6 g/10 min for the reference 
sample (with no salt exposure); therefore the latter hypothesis is not supported by the 
experimental data collected in this study.  
The impact of ionic charge and cation size was investigated during tests with sodium 
chloride, magnesium chloride and aluminium chloride. Elevated concentrations of ions can 
change the transport properties of the host polymer to a much greater extent than gas or liquid 
molecules (Mullerplathe, 1994, Watanabe and Ogata, 1988). Reduced water uptake (sorption) 
was observed for all three salts as their concentration increased. Overall sodium chloride, 
NaCl (+1 charge) tended to induce lower mass gains in the membrane followed by 
aluminium chloride, AlCl3 (+3 charge) then magnesium chloride, MgCl2 (+2 charge). To 
illustrate, from Figure 4.3, after 120 minutes in the presence of 35 g∙L-1 salt solution, the 
mass sorbed by the membrane was 31.8, 33.9 and 32.6 g for sodium chloride, magnesium 
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chloride and aluminium chloride, respectively.  
 
 
Figure 4.3: Sorption curve for 850 cm
2
 of the tubular membrane immersed in sodium 
chloride, magnesium chloride and aluminium chloride solutions (35 g/L, n = 4; T = 25 °C) 
 
From the law of independent migration of ions, the limiting molar conductivity for NaCl, 
MgCl2 and AlCl3 is 126.4 Scm
2
mol
-1
, 258.6 Scm
2
mol
-1
and 411.9 Scm
2
mol
-1
 respectively 
(Atkins, 1994). As a result of their complete ionisation, the concentration of ions in solution 
is proportional to the concentration of electrolyte added. It was therefore expected that the 
sorption will be NaCl > MgCl2 > AlCl3. The atomic radius of Mg, Al and Na is 1.72 Å, 1.82 
Å and 2.23 Å respectively, which could also have had an effect on the observed sorption, i.e. 
less physical pore blocking by Mg and hence greater water sorption into the membrane.  
As the temperature increased, the mass sorbed by the membrane in the presence of salt 
solution or deionised water decreased (Figure 4.4). This is illustrated by respective mass 
gains of 49%, 46% and 37% at 30, 40 and 50 °C for the membrane in the presence of 
deionised water.  With salt concentrations of 35, 70 and 150 g∙L-1 sodium chloride a similar 
pattern was observed.  
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Figure 4.4: Mean mass gained by 850 cm
2
 of the tubular membrane in deionised water with 
either 35, 70 or 150 g/L sodium chloride under different ambient temperature conditions (n = 
4; T = 30, 40 or 50 °C)  
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These decreases can be rationalised by considering the conceptual steps of pervaporation. 
Adsorption is an exothermic process, so a decrease is expected when a system is subjected to 
increased temperature, assuming the solubility of the adsorbate has a positive temperature 
coefficient (Bartell et al., 1951). Meanwhile both diffusion and desorption via evaporation 
will increase with temperature. Thus increased temperature will decrease absorption of water 
by the membrane.  
 
4.4.2. Permeation Tests 
4.4.2.1. Effect of surrounding medium  
Experiments in air, topsoil and silver sand resulted in quite different water fluxes across the 
membrane. Tests undertaken with the tube in air had the highest mean permeate deionised 
water flux of 5.6 x 10
-2
 L(m
-2∙h-1), followed by top soil with 2.0 x 10-2 L(m-2∙h-1) and then 
silver sand with 7.9 x 10
-3
 L(m
-2∙h-1) (Figure 4.5). These fluxes are lower than those through 
corrugated sheet membranes (8.3 – 15.4 x 10-2 L(m-2∙h-1)) previously investigated (Quiñones-
Bolaños et al., 2005a). However, notwithstanding possible differences in membrane 
permeability, this is not surprising given that the previously studied membrane was operated 
with pressurised feed and sweeping air on the permeate side of the membrane whereas in the 
present study no sweeping air was applied.  
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Figure 4.5: Average daily permeate flux over time (day) in different surrounding media using 
deionised water 
In air, transport is exclusively in the vapour phase and the convective air current in the 
surrounding environment maintains a sweeping effect creating enough vapour pressure 
differential to drive the PV process. The lower permeate flux in sand and soil compared to air 
was most likely due to increased humidity derived from the presence of permeate near the 
immediate membrane surface (Todman et al., 2013 ). For example in sand, increased 
humidity was evident by the wetness from condensation around the pipe seen in Figure 4.6. 
Topsoil technically adsorbs more water at lower humidity than sand and it is suggested that 
this could be due to the organic matter content (Todman et al., 2013 ).  
 
Figure 4.6: Tube in sand showing increased wetness from moisture 
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This increased moisture content around the tube will gradually reduce the driving force for 
permeation as the vapour pressure difference is reduced. The difference in permeate flux 
between the sand and soil was related to the different surface properties of the two soil types, 
in particular their water adsorption characteristics. The top soil in the current study was able 
to maintain a lower permeate vapour pressure and higher membrane driving force. Humus 
organic matter in top soil enhances its water retention properties (Peña-Méndez et al., 2007).  
Table 4.1: Mean permeate flux, sodium chloride rejection and enrichment factors (β) for the 
tubular membrane in air, sand and soil (n = 3; T = 25 °C)  
 
Medium Feed solution Initial PVAP 
(kPa) 
Mean flux  
L(m
-2∙h-1)  
% NaCl 
rejection* 
Feed 
calculated 
β** 
Air DI water 2.99 5.6 x 10
-2
 NA NA 
Air 35 g∙L-1 NaCl 2.93 2.5 x 10-2 NA 0.11 
Air 70 g∙L-1 NaCl 2.87 1.7 x 10-2 NA 0.26 
Sand DI water 2.99 7.9 x 10
-3
 NA NA 
Sand 35 g·L
-1
 NaCl 2.93 7.1 x 10
-3
 99.84 0.53 
Sand 70  g·L
-1
NaCl 2.87 5.0 x 10
-3
 99.91 0.36 
Soil DI water 2.99 2.0 x 10
-2
 NA NA 
DI = deionised, β = enrichment factor, NA = not available, * = calculated by comparing 
salinity of sand before and after the test, ** = calculated using the change in the feed water 
salinity (i.e. not accounting for salt removed within the polymer wall).  
 
The trend of highest flux in air was also observed with salt solutions (Table 4.1). 
Furthermore, the reduction in flux as sodium chloride concentration increased was slightly 
more pronounced in air. To illustrate, for the membrane in sand mean flux values were 7.9 x 
10
-3
 and 5.0 x 10
-3
 L(m
-2∙h-1) for deionised water and 70 g∙L-1 salt, respectively (Table 4.1). 
Equivalent values for the tube in air were 5.6 x 10
-2
 and 1.7 x 10
-2 
L(m
-2∙h-1), respectively.  
The sand tests resulted in mean sodium chloride enrichment factors (β) of 0.36-0.53, 
compared with 0.11-0.26 when the tube was in air (Table 4.1). The latter are similar to a 
mean enrichment factor of 0.23 for sodium chloride during sweeping air tests (both hollow 
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fibre and corrugated sheet membranes, feed pressure 15-35 kPa, sodium chloride 0.85 – 30 
g∙L-1) (Quiñones-Bolaños et al., 2005a). However, the sodium chloride rejection was > 99% 
based on measurements of the increase in salinity in the sand during the test.  
4.4.2.2. Effect of salt concentration  
From Figure 4.7, a similar trend was observed for both air and sand experiments for 
increasing sodium chloride concentration. Higher permeate fluxes were obtained in the least 
concentrations of 35 g·L
-1
 with 1.7 – 3.37 x 10-2 L(m-2∙h-1) in air and 5.72 x 10-3 – 1.14 x 10-2  
L(m
-2∙h-1) in sand. There was a decrease in flux as the concentration increased to 150 g·L-1 
with 9.82 x 10
-3
 – 1.73 x 10-2 L(m-2∙h-1) in air and 2.49 x 10-3 – 3.95 x 10-3  L(m-2∙h-1) in sand.   
a.    
b.    
Figure 4.7: Average daily permeate flux over time for different salt concentrations in (a) air 
and (b) sand  
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As the salt concentration increased, the effect of concentration polarisation contributed to the 
evident reduced permeate flux. A similar trend was also observed by Feng and Huang (1994),  
Hoek and Elimelech (2003) and Martinez et al. (2011).   
The percentage rejection decreased from 88% to 73% as the concentration increased from 35 
g·L
-1
 to 150 g·L
-1
 in the air experiments shown in Figure 4.8. This is partially because the salt 
rejection calculation in air counted the salt trapped within the tube walls as having passed 
through the membrane, while in the sand experiments the washed sand formed the basis for 
the calculated rejection of 98.7%-99.9% for all the feed concentrations used as shown in 
Figure 4.8.  
 
Figure 4.8: Percentage salt rejection for increasing sodium chloride concentration in air and 
sand  
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-1 
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expected to reduce flux values. Thus, over time, differences in flux between the tubes of 
different thickness will be less important (Figure 4.9).  
 
 
Figure 4.9: Permeate flux in air for tubular membranes of different thicknesses, for 35 (top) 
and 70 g∙L-1 (bottom) sodium chloride solutions (n = 4; T = 25 °C)  
 
For the same experiments in sand, the tube thickness did not cause any measurable difference 
in the water flux. The results suggest that the differences in membrane thickness considered 
in this study, with 56, 70 and 90 g∙m-1 tubes corresponding to wall thicknesses of 0.5, 0.6 and 
0.75 mm, were not large enough to cause noticeable differences in water permeation rates.  
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From Table 4.2, in sand medium sodium chloride rejection was not significantly affected by 
the membrane thickness over the range of tube thicknesses tested in this study. There was an 
average of over 99% sodium chloride rejection for all tube thicknesses. However, in air 
medium, there was an increase in salt rejection with feed 70 g·L
-1
 sodium chloride solution 
from 74.07%, 81.07%, 85.65% through tubes of decreasing thickness 90 g·m
-1
,
 
70 g·m
-1
, 56 
g·m
-1 
respectively; for 35 g·L
-1
 no significant trend was observed.  
Table 4.2: Mean percentage sodium chloride rejection for the tubular membrane 90 g/m, 70 
g/m and 56 g/m in air and sand (n = 3; T = 25 °C)  
Medium Feed 
solution 
 
90 g/m 
percentage NaCl 
rejection 
70 g/m 
percentage 
NaCl rejection 
56 g/m 
percentage NaCl 
rejection 
Air 
Air 
35 g∙L-1 NaCl 
70 g∙L-1 NaCl 
88.00 
74.07 
83.72 
81.07 
88.65 
85.65 
Sand 
Sand 
35 g∙L-1 NaCl 
70 g∙L-1 NaCl 
99.84 
99.90 
99.83 
99.89 
99.84 
99.91 
 
4.4.3. Long-term Air Permeation 
Changes in weight and concentration of solution in the feed tank were monitored over 120 
days using an initial sodium chloride NaCl concentration of 70g/L under room temperature 
conditions. From Figure 4.10, it can be seen that the concentration of NaCl in the feed tank 
increased from 70 g/L to 113 g/L and the mass decreased from 7480 g to 5574 g for a 
membrane of length 85 cm and surface area 872.1 cm
2
. This resulted in a salt rejection of 
98%, calculated based on the change in salt concentration of the feed tank solution. However, 
the outer surface of the tube was sprayed using a pressurised plastic laboratory venting wash 
bottle filled with deionised water by holding the vent tip close to the surface. When the outer 
surface of the tube was completely rinsed by pressure spraying several times with 1 litre 
deionised water, the concentration of the washed solution was measured to obtain the mass of 
salt permeated across the membrane. The concentration obtained from the mass of salt on the 
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surface of the tube resulted in a calculated removal of 99.3%. Further pressure spraying of the 
tube surface was carried out a second time and concentration results obtained showed all the 
salt had been previously washed off. 
 
Figure 4.10: Change in feed tank mass and concentration for initial feed concentration NaCl 
70g/l air permeation over 120 days  
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-3
 L.m
-2
h
-1
 and 16 x 10
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 as shown in 
Figure 4.11. The permeate flux decreased over time but was almost completely restored back 
to initial values after flushing the line intermittently by introducing an increased flow rate of 
the feed solution.  
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Figure 4.11: Changes in permeate flux and relative humidity over time with line flush markings
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After process operation for 2-3 weeks, there was a considerable drop in permeate flux. This 
was initially thought to be due to an increase in relative humidity resulting in reduced driving 
force for the process. However, subsequently, the results showed that there was actually a 
fluctuation of relative humidity and not a particular pattern. The effect of relative humidity 
fluctuating at 25% to 60% on permeate flux for this system was actually low and most likely 
to be so due to  convective air flow in the lab sustaining a slight driving force. This initial and 
subsequent decline in permeate flux was most likely due to concentration polarisation as 
explained by (Feng and Huang, 1994) as well as (Hoek and Elimelech, 2003) and illustrated 
in Figure 4.12 (Fane and Chang, 2008).  
 
Figure 4.12: Effect of concentration polarisation on flux; adapted from (Fane and Chang, 
2008).  
 
Tests were also carried out with a plugged tube filled with sodium chloride solution and 
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standpoint this is significant, since salt might get into soils if the soil surrounding the tube 
becomes water-logged.  
   
Figure 4.13: Conductivity in deionised water surrounding plugged tubing filled with sodium 
chloride (1 M) (T = 25 °C; n = 3) 
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2
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taken up by the plants, as is typically assumed for a variety of irrigation systems (FAO, 
(1989), suggests that a minimum of 2.0, 2.0 and 5.1 pervaporation tubes would be required 
per m
2
 of land in order to supply the minimum water requirement for tomatoes (3.3 x 10
-2
  
L(m
-2∙h-1)), peppers (3.3 x 10-2  L(m-2∙h-1)) and cucumbers (8.3 x 10-2  L(m-2∙h-1)),  
respectively, in top soil (Quinones-Bolanos et al., 2005b). In sand the equivalent numbers 
become 5.2, 5.2 and 12.9 tubes per m
2
 of land for tomatoes, peppers and cucumbers, 
respectively. This is based on flux values for deionised water obtained. In the presence of salt 
ions fluxes will be reduced and the area of tubing required will be correspondingly higher.  
The order of magnitude difference for flux values in air versus soil and sand demonstrates the 
benefit of maintaining a high vapour pressure across the membrane. Meanwhile, both sodium 
chloride rejection values and SEM images in chapter 7 suggest that, while salt permeation 
rates are very low, salt is not fully prevented from entering the interior structure of the 
membrane. This was confirmed by the test undertaken with a plugged tube filled with sodium 
chloride solution and submerged in deionised water, under which condition salt was found to 
completely permeate through the membrane.  
Two issues of practical significance suggest themselves. The first is the need to monitor soil 
salinity closely following waterlogged soil conditions in irrigation applications, and that 
perhaps this type of irrigation is more appropriate for greenhouse environments (i.e. protected 
from rainfall). The second is whether salt would eventually permeate through the membrane 
at elevated concentrations after extended exposure periods in other soil media. That said, the 
tubular polymer investigated was found to effectively reject salt when surrounded by air, soil 
and sand and was able to produce water fluxes that would be appropriate for meeting the 
needs of several common irrigated crops.  
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4.6. Summary 
Water flux across the tubular pervaporative polymer membrane in this study was impacted by 
the surrounding medium, with tests in air producing the highest water flux followed by soil 
and then sand. The salt content of the water has a direct effect on water sorption and permeate 
flux. The total rejection of 35, 70 and 150 g∙L-1 sodium chloride when the tubular membrane 
was surrounded in sand was above 98.7% at room temperature. The rejection data suggest 
that this pervaporative tubular membrane may be a suitable technology for desalination of 
highly concentrated solutions for irrigation, though water-logged soil conditions should be 
avoided to avoid salt penetration. The total rejection of 35, 70 and 150 g∙L-1 sodium chloride 
in air was above 72.5% at room temperature for short term experiments (7 days) and for long 
term (120 days) 70 g∙L-1 sodium chloride experiments in air, the total rejection was over 98%.  
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CHAPTER 5 
5.0 REJECTION OF ORGANIC COMPOUNDS FROM WATER BY A 
PERVAPORATIVE MEMBRANE DESIGNED FOR IRRIGATION 
APPLICATIONS  
5.1 Introduction 
In this chapter, fluorene, naphthalene, phenol, 1,2 diethylbenzene, 2-phenoxyethanol, and 1,2 
dichlorobenzene are used as model organic micro-pollutants to examine the impact of the 
different chemical properties of these organic compounds on their subsequent rejection by the 
pervaporation process. Also, these organic compounds were selected because of their relative 
abundance in total petroleum hydrocarbon and also because of their frequency in industrial 
wastewaters, being the typical pollutants in wastewater streams (Neff et al., 1992). For 
example, phenols have been found in varying amounts in the water associated with three 
types of crude oils (paraffinic, asphaltenic, or gas condensate). Produced water from gas 
condensate operations tends to have higher quantities of phenols and low molecular weight 
aromatic compounds (Stephenson, 1992a, Stephenson, 1992b). The selected compounds were 
also chosen because of their different molecular properties which could be used to compare 
their relative removal. 
Dissolved organic matter (DOM) has been studied intensively in streams, lakes and oceans 
due to its role in the global carbon cycle and because it can be a precursor of disinfection by-
products in drinking water treatment (Zhang et al., 2009, Chu et al., 2011). However, 
relatively little research has been conducted on DOM in oilfield produced waters so its 
chemical characteristics and susceptibility to treatment remain less well understood (Wang et 
al., 2012). Qualitatively, DOM in oilfield produced waters is similar to that reported in 
oceans and freshwater, except that it has higher content of sulphur-containing compounds and 
tends to be less aromatic (Shpiner et al., 2009). Oilfield produced water is characterised by 
high concentrations of both total dissolved solids (TDS) and dissolved organic matter 
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(DOM). Various technologies have been proposed for the treatment of oilfield produced 
waters with DOM removals ranging from 20% to 90% (Wang et al., 2012). Dissolved organic 
carbon concentrations in oilfield waters range from 10 – 200 mg/l (Wang et al., 2012). In this 
research, DOM was represented by humic acid, a common surrogate for natural organic 
matter in water treatment research.  
In order to meet the discharge requirements of the industry and environment, the removal of 
these contaminants using the tubular polymer membrane was examined. The possibility of 
removal of the model hydrocarbon organics (fluorene, naphthalene, phenol, 1,2 
diethylbenzene, 2-phenoxyethanol, 1,2 dichlorobenzene) and dissolved organic matter (humic 
acid) was anticipated since membranes which contain functional groups capable of forming 
hydrogen-bonding with water are generally expected to achieve good separation factors for 
water/organic mixtures (Semenova et al., 1997).  
Another reason for the expectation of removal of the model hydrocarbon organics is that 
kinetic diameters of organic molecules are larger than those of water and selective diffusion 
depends on the structure and diameter of transport channels (Semenova et al., 1997). 
Furthermore, the n-octanol/water coefficient (Kow) is a specific property of chemicals used to 
define their ability to partition between water and n-octanol (i.e. organic matter) when they 
are in solution (Sangam and Rowe, 2001). Kow may be seen as the measure of contaminant 
polarity and it reflects its lipophilicity and hydrophobicity. The higher the numerical value, 
which is usually expressed as a logarithm (Log Kow), the stronger the tendency of the 
chemical to accumulate in organic matter. An increase in Log Kow represents an increase of 
the hydrophobicity (Sangam and Rowe, 2001). Since the polymer is a hydrophilic material, a 
relationship between n-octanol/water coefficient and the permeation parameters (diffusion, 
partition and solubility) may be expected.   
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The structure of fluorene, naphthalene, phenol, 1,2 diethylbenzene, 2-phenoxyethanol, and 
1,2 dichlorobenzene and their physico-chemical properties are detailed in Table 5.1. Physico-
chemical data for humic acid is not available because of its complex and variable nature 
(Peña-Méndez et al., 2007), though general model structures of humic acid have been 
estimated (Figure 5.1). It was predicted that fluorene would be best removed because of its 
highest molecular size, lowest aqueous solubility and low hydrogen-bonding parameter. 
Phenol was expected to be least removed because of its lowest molecular size, highest 
aqueous solubility and high hydrogen-bonding. 
5.2 Aims and Objectives  
The aim of this chapter was to investigate the permeation of water and rejection of 
hydrocarbon organic contaminants across the tubular pervaporative polymer membrane when 
surrounded by air, as well as the permeation of water and rejection of humic acid 
contaminants across the tubular pervaporative polymer membrane when surrounded by air 
and sand.  
The main objectives were to:  
 Test the hypothesis and theory of the impact of hydrogen bonding and compound-
specific chemical properties such as molecular size, aqueous solubility and Log Kow 
on the differential removal of the organics considered, via permeation experiments. 
 To quantify the impact of the presence of organic micro-pollutants on the water flux 
across the membrane.  
 To quantify the rejection of humic acid across the tubular pervaporative polymer 
membrane and the impact of humic acid concentration on water flux across the 
membrane.   
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Table 5.1: Structure and physico-chemical properties of the different compounds (Gustafson et al., 1997, ten Elshof et al., 2003, Lee et al., 2008, 
Fogassy et al., 2011, Lashaki et al., 2012)  
Compound Structure Mol 
weight 
(g/mole) 
Density 
(g/cm
3
) 
Log Kow Boiling 
Temp. 
(
o
C) 
Hydrogen
-bond δh 
Mol 
Volume 
(cm
3
/mol) 
Aqueous 
Solubility   
mg/L 
Kinetic 
diameter 
nm 
Fluorene 
 
166.22 
 
1.202 4.18 295 1.7 188 1.98 NA 
Naphthalene 
 
 
128.17 
 
1.14 3.37 218 5.9 148 31 0.72 
 
Phenol 
 
94.11 1.07 1.46 181.7 14.9 87.5 8000 0.66 
 
1,2-Diethylbenzene 
 
134.22 0.88 4.10 183 1 155 70 0.78 
2-Phenoxyethanol 
 
138.16 1.107 1.16 246 14.3 124.7 3000 NA 
1,2-
Dichlorobenzene 
 
147.01 1.3 3.38 180.5 3.38 112.8 140 0.728 
Water       H2O 18 1 - 100.0 42.3 18 - 0.265 
NA = not available
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Figure 5.1: Example of model structure of typical humic acid (Stevenson, 1994)  
5.3 Materials and Methods 
Air permeation tests were carried out on fluorene, naphthalene, phenol, 1,2 diethylbenzene, 
2-phenoxyethanol, and 1,2 dichlorobenzene individually, while APHA (2005) method 5910B  
was used for quantitative analysis of all the six compounds by ultraviolet spectrometry, as 
detailed in chapter 3 . The relevant methods section and applicable results section are shown 
in Table 5.2.  
Table 5.2: Summary of description of methods and applicable results section 
 
Method Description section Results section 
Air permeation tests 3.3, 3.3.4 5.4.1, 5.5.3, 5.5.4 
Sorption tests for humic acid 3.2 5.5.1, 5.5.2 
Sand permeation for humic acid 3.3, 3.3.5 5.5.3, 5.5.4 
Analysis by UV-vis 
spectrophotometry 
3.4.2 5.4.1, 5.5.1, 5.5.2, 5.5.4 
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The permeate flux  J𝑖  is defined as the amount of mass or moles (M) of a compound i 
permeating through the membrane per unit of time (t) per unit area (A) (Quiñones-Bolaños et 
al., 2005a)  
Ji  =  
M𝑖
At
          (5.1) 
Or, in terms of volume V, (Quinones-Bolanos et al., 2005b)  
Ji  =  
Vp
At
         (5.2) 
Where, Vp is the volume of water passing through a unit area, A of the membrane per unit 
time, t into the soil, sand and air medium. 
Rejection of contaminants by pervaporation is commonly expressed in terms of enrichment 
factors, the ratio between the concentration of a component (e.g. salt or other contaminant) in 
the permeate (Cp) to that in the feed (Cf) (Quiñones-Bolaños et al., 2005a):  
β = 
Cp
Cf
           (5.3) 
While percentage rejection (R) is calculated as: 
 %𝑅 = (1 −  
𝐶𝑝
𝐶𝑓
) · 100       (5.4) 
where Cp and Cf are as defined above.  
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5.4. Results and Discussion  
5.4.1. Effect of different organics on permeate flux and percentage rejection 
The average water permeate flux ranged between 3.7 x 10
-2 
- 3.9 x 10
-2 
L(m
-2∙h-1) for all the 
organic compounds (Table 5.3). Despite the large difference in feed concentration (1.75 mg/l 
– 300 mg/l) and molecular properties of feed solutions used (Table 5.1) there was no 
significant effect on the permeate flux.  This suggested that dependency of flux on feed 
organic contaminant type and concentration was negligible under the conditions tested.  
 
Table 5.3: Average daily permeate flux for fluorene, naphthalene, 1,2 diethylbenzene, 1,2 
dichlorobenzene, 2-phenoxyethanol, and phenol over 7 days 
Compound Average permeate flux L(m
-2
.h
-1
) Std dev 
Deionised water 5.5 x 10
-2
 7.0 x 10
-4
 
fluorene 3.9 x 10
-2
 6.8 x 10
-4
 
naphthalene 3.9 x 10
-2
 8.4 x 10
-4
 
1,2 diethylbenzene 3.7 x 10
-2
 7.1 x 10
-4
 
1,2 dichlorobenzene 3.8 x 10
-2
 9.9 x 10
-4
 
2 phenoxyethanol 3.8 x 10
-2
 2.0 x 10
-3
 
Phenol 3.7 x 10
-2
 7.6 x 10
-4
 
 
Concentration polarisation causes components that are enriched in the permeate to be 
depleted in the boundary layer, and components that are depleted in the permeate to be 
enriched in the boundary layer (Wijmans et al., 1996). This leads to retention of slow 
permeating components on the membrane surface subsequently leading to lower productivity 
and less separation, but this can be insignificant at very low fluxes, of the order considered in 
this study (Baker et al., 1997). 
From Table 5.4, it can be seen that there was a wide variation in removal efficiency (% 
rejection) for the different organics tested (47% - 86%). Fluorene exhibited the highest 
removal of 86% while phenol had the lowest removal of 47%, as was anticipated.  
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Table 5.4: Percentage rejection versus solubility for fluorene, naphthalene, 1,2 
diethylbenzene, 1,2 dichlorobenzene, 2-phenoxyethanol, and phenol  
Compound Solubility in 
water mg/L 
Feed concentration 
mg/L 
% rejection 
Fluorene 1.98 1.75 85.5 
Naphthalene 31 28 70.3 
1,2 Diethylbenzene 70 68 65.8 
1,2 Dichlorobenzene 140 138 72.7 
2-Phenoxyethanol 3000 300 57.9 
Phenol 8000 300 47.1 
 
The physico-chemical properties of the different compounds highlighted in Table 5.1 shows 
that there is a variation in these properties, e.g. hydrogen bonding parameter (1 – 42.3), 
molecular volume (18 – 188 cm3/mol), solubility (1.98 – 8000 mg/l) and kinetic diameter 
(0.265 – 0.78 nm).  
An increase in the solubility in water of the organic compounds generally had an effect on the 
organic contaminant removal (Table 5.4). To illustrate, fluorene which has the lowest water 
solubility, of 1.98 mg/L, had the highest removal of 86%, whereas phenol, with the highest 
solubility in water of 8000 mg/L, had the lowest removal of 47%. Böddeker et al. (1990) 
reported that pervaporation performance is correlated with pure component vapour pressure 
and water solubility, the latter reflecting the degree of non-ideality of the respective aqueous-
organic feed solution. There is the likelihood that because the other organic compounds had 
much lower aqueous solubility, there was limited miscibility of the organic species with 
water when the retentate was being enriched/concentrated in the membrane. This could have 
resulted in phase separation when enriched beyond the respective solubility limit (Böddeker 
et al., 1990) thereby further favouring water selectivity.   
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There was also a clear correlation between molecular volume and rejection (Figure 5.2). 
Removal (expressed as % rejection) generally increased as molecular size increased from 
87.5 cm
3
/mol for phenol to 188 cm
3
/mol for fluorene (Figure 5.2).  
 
Figure 5.2: Percentage rejection and molecular volume for fluorene, naphthalene, phenol, 1,2 
diethylbenzene, 2-phenoxyethanol, and 1,2 dichlorobenzene under ambient conditions 
 
Berens and Hopfenberg (1982) found that the diffusion coefficient D decreases with 
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penetrant, and that D values generally decreased linearly with increased diameter. They also 
showed that the diffusion of n-alkanes and other elongated or flattened molecules was higher, 
by a factor of 10
3
, than the diffusion of spherical molecules with similar molecular weight.  
Moreover, Hansen (2004), as well as Shao and Huang (2007) found that there was a 
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diffusion coefficients, since they are size dependent (Shao and Huang, 2007). This could be 
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differ significantly (Hansen, 2004). Pangarkar and Pal (2008) also reported that the diffusion 
coefficient of a permeant through a polymer is a strong function of the size and shape of the 
permeant. In a homologous series, molecules with low molecular weight will move faster. 
When molecular weight and chemical nature are the same, molecules with smaller cross-
section diffuse faster.  
The reason for the lower diffusion coefficient is likely that as the size of the organic 
compound molecule increases, higher activation energy is required for diffusion through a 
polymer matrix and thus D values decrease (Sangam and Rowe, 2001, Joo et al., 2004).  
It is also possible to base the transport of penetrants (water and contaminants) on the 
existence of dynamic ‘molecular pores’ adequately described in terms of the free volume 
concept (Mulder and Smolders, 1986, Mulder, 1996). Before a molecule can move, free 
volume has to be created in its neighbourhood and because some of the volume in the 
polymer matrix is empty or “free”, this so-called free volume (voids) is redistributed 
continuously as a result of the random, thermally stimulated molecular motion of the polymer 
segments (Mullerplathe, 1994, Buss et al., 1995, Nicholson, 2006, Katoch et al., 2010). 
Usually, the cavities are not connected, however, by means of fluctuations occurring 
naturally in the polymer due to thermal motion, passages between the cavities open for short 
times (Mullerplathe, 1992, Mullerplathe, 1994, Katoch et al., 2010). If a penetrant molecule 
is present in the vicinity and it happens to have the right velocity component from its 
activation energy, it can take advantage of such a channel and slip into a neighbouring cavity 
before the channel closes again (Mullerplathe, 1994, Baker, 2004). The penetrant molecule 
will be trapped in another free volume element in the polymer matrix and will have executed 
a diffusion step (Mullerplathe, 1994). These free volume elements appear and disappear on 
about the same timescale as the motions of the permeants traversing the membrane 
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(Mullerplathe, 1994, Baker, 2004). This is consistent with the observed relationship between 
molecular volume and rejection (Figure 5.2). 
Furthermore, an atom of hydrogen can be attracted by rather strong forces to two atoms 
instead of only one, so that it may be considered to be acting as a bond between them known 
as a hydrogen bond. A hydrogen atom with only one stable orbital cannot form more than one 
pure covalent bond and the attraction of the two atoms observed in hydrogen bond formation 
must be due largely to ionic forces (Jeffrey, 1997). Hydrogen-bonding interaction is the 
dominant factor controlling the selectivity toward water in hydrophilic pervaporation process 
(Mulder, 1996, Nijhuis et al., 1993, Semenova et al., 1997). Water exhibits a strong 
hydrogen-bonding power compared to most solvent molecules in hydrophilic pervaporation 
(Whelton et al., 2010). Again, protic solvents e.g. water, phenol and carboxylic acids have 
hydrogen binding possibilities (Bhuvaneshwari and Elango, 2008, Marchetti et al., 2012). 
It is likely that the hydrogen bonding effect influenced the removal of phenol (δh = 14.9 
(Table 5.1)) and 2-phenoxy ethanol (δh = 14.3 (Table 5.1)), as these compounds had the 
lowest removal efficiency of 47% and 58% respectively (Figure 5.3). However, fluorene, 
which has the second lowest hydrogen bonding parameter among the seven studied 
compounds (δh = 1.7), had the highest removal of 86% while 1,2 diethylbenzene, with the 
lowest hydrogen bonding parameter (1) had a removal of 66%. However, as explained earlier, 
this might be attributed to the latter’s higher solubility value of 70 mg/l in water, compared to 
fluorene’s water solubility of 1.98 mg/l.  
Another reason that could have been responsible for the lower removal of phenol is that 
because of its hydrogen bonding parameter, there was a reaction with the membrane and so 
the compound remained within the walls of the membrane. 
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Figure 5.3: Percentage rejection and hydrogen bonding parameter values for fluorene, 
naphthalene, phenol, 1,2 diethylbenzene, 2-phenoxyethanol, and 1,2 dichlorobenzene under 
ambient conditions 
 
Hydrogen-bonding interaction is possible for polymers with a hydroxylic group (e.g. 
polyvinyl-alcohol); imide or maleimide groups; pendant imide groups; N-substituted imide 
groups; carboxylic groups; and ether groups (Semenova et al., 1997). These functional groups 
which are included in the backbone or in the side chain of the polymer form hydrogen bonds 
with water. This makes the membrane more hydrophilic and changes its mass transfer 
properties giving a high water flux and high separation factor (Semenova et al., 1997). Water 
molecules which associate with the functional groups break polymer-polymer hydrogen 
bonds, allowing water-polymer hydrogen bonds to be formed as in the case with hydroxyl 
groups (Hopfenberg et al., 1981).  
Panayiotou et al. (2004) and Panayiotou et al. (2007) reported that, in addition to the non 
random distribution of empty sites, there are strong specific interactions between the 
segments due to hydrogen bonds. They assumed that the intermolecular forces may be 
divided into physical and chemical (including hydrogen bonding). The direct implication of 
this is that the potential energy, the enthalpy, the volume, and the chemical potential of each 
component consist of these two contributions of physical forces and hydrogen bonding.  
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From Figure 5.4, it can be seen that removal efficiency was somewhat affected by the n-
octanol/water coefficient (Log Kow) values, though not as clearly as with the properties 
described above. As broad groups, organic compounds with log Kow greater than 3 had a 
better removal rate than those with log Kow lesser than 2.  
 
Figure 5.4: Percentage rejection and Log Kow values for fluorene, naphthalene, phenol, 1,2 
diethylbenzene, 2-phenoxyethanol, and 1,2 dichlorobenzene showing two regions 
 
Sangam and Rowe (2001) reported a decrease in diffusion coefficient of compounds with 
high log Kow values. This is likely due to the fact that compounds with log Kow greater than 2 
are mostly large molecules such that the diffusion is highly dependent on the molecule size.  
5.4.2. Correlations between removal efficiency and compound properties 
Relationships between rejection and the physicochemical properties of the organics were 
evaluated using Pearson product-moment correlations. This coefficient (r) is a dimensionless 
index used to measure the degree of linear relationship between two variables, and assumes a 
value between -1 and +1. These compounds used have well defined physicochemical 
properties and the purpose of doing this correlation was to allow predictions of one variable 
based on the knowledge of another variable.  When a correlation is established between the 
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two variables, we can make a prediction because there is an identification of the way the pairs 
of variables are related (Van der Bruggen et al., 2004).  The direction of correlation could be 
positive or negative. For positive correlations, as the value of a first variable increases there is 
an increase in value of the second variable. Likewise a decrease of the first variable will 
result in a corresponding decrease of the second variable. Conversely, in a negative 
correlation, as the value of a first variable increases there is a decrease in value of the second 
variable and vice versa.  Negative correlations are termed inverse correlations and the sign is 
just a symbol to indicate direction and not strength. The strength of correlation is indicated by 
the number.  
Table 5.5 show results of the investigation of the correlation between the molecular 
properties of fluorene, naphthalene, phenol, 1,2 diethylbenzene, 2-phenoxyethanol, and 1,2 
dichlorobenzene and water with removal efficiency. There was a very strong positive 
correlation between removal efficiency with molecular weight (r = 0.9805), molecular 
volume (r = 0.9394), kinetic diameter (r = 0.9706), and to a lesser extent log Kow (r = 
0.8229).  
110 
 
 
Table 5.5: Correlations between compound physicochemical properties and percentage rejection for fluorene, naphthalene, phenol, 1,2 
diethylbenzene, 2-phenoxyethanol, and 1,2 dichlorobenzene 
  %R 
Mol wt 
(g/mole) 
Mol Vol 
(cm
3
/mol) 
Kinetic 
diameter nm 
Hydrogen-
bond δh Log Kow 
Boiling 
pt. (
o
C) 
Density 
(g/cm
3
) 
Aqueous 
Sol   mg/L 
%R 1 
        Mol wt (g/mole) 0.9805 1 
       Mol Vol (cm
3
/mol) 0.9394 0.9236 1 
      Kinetic diameter nm 0.9706 0.9665 0.9372 1 
     Hydrogen-bond δh -0.9700 -0.9410 -0.9095 -0.9912 1 
    Log Kow 0.8229 0.6067 0.7483 0.9641 -0.9850 1 
   Boiling pt. (
o
C) 0.8223 0.8467 0.8675 0.9128 -0.6945 0.1394 1 
  Density (g/cm
3
) 0.4678 0.4582 0.2251 0.1974 -0.3111 0.0089 0.4223 1 
 Aqueous Sol   mg/L -0.8521 -0.8117 -0.7442 -0.8411 0.8533 -0.8052 -0.2779 -0.1715 1 
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Boiling point also had a good correlation with removal efficiency (r = 0.8223). Hydrogen 
bonding potential had a very strong negative correlation (r = -0.9700) with removal 
efficiency, as expected for a hydrophilic membrane. Similarly, aqueous solubility also had a 
strong negative correlation with removal efficiency (r = -0.8521). Density had a weak 
correlation with removal efficiency (r = 0.4678) and with the other molecular properties as 
seen in Table 5.5.  
The correlations between the physicochemical properties of fluorene, naphthalene, phenol, 
1,2 diethylbenzene, 2-phenoxyethanol, and 1,2 dichlorobenzene and water with removal 
efficiency have shown that molecular size is the major factor that determines removal 
efficiency. Each of the size parameters: molecular weight, molecular volume and kinetic 
diameter had an excellent correlation (r > 0.9) obtained with removal efficiency. This 
suggests that molecular sieving had a significant effect in generally determining separation of 
the organics by the tubular hydrophilic pervaporative membrane. 
 
5.5. Results and Discussion for Humic Acid Removal Experiments 
5.5.1. Effect of humic acid concentration on water sorption 
A Fickian representation of the solution-diffusion process was observed at all tested humic 
acid concentrations as there was initial rapid swelling of the membrane that flattened to a 
plateau (Figure 5.5). There was no clear effect of increasing humic acid concentration on the 
water sorption and the mass gained by the polymer (Figure 5.5).  
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Figure 5.5: Average water uptake by the polymer membrane using humic acid solutions of 
various concentrations 
 
Experiments were also conducted using a combination of humic acid and sodium chloride 
(Turner et al., 2008, Matsuda et al., 2009). A Fickian representation of the solution-diffusion 
process was observed for the combination of humic acid and sodium chloride as well. 
However, with the humic acid and sodium chloride combination, there was reduced water 
uptake with an increase in the quantity of sodium chloride added as shown in Figure 5.6. This 
was in contrast to the situation observed for the humic acid solutions alone where there was 
no clear effect of increasing concentration on the water sorption and the weight gained by the 
polymer (Figure 5.5). In chapter 4 it was shown how water uptake did decrease significantly 
as sodium chloride concentration increased (Figure 4.2). The mass gained by the membrane 
in the presence of both sodium chloride and humic acid is illustrated by % mass gains after 
120 min of 54, 47 and 41% in the presence of 35, 70 and 150 g∙L-1 respectively of sodium 
chloride and 1 g/L of HA (Figure 5.6).  
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Figure 5.6: Average water uptake by the polymer membrane using humic acid solutions of 
various concentrations and in combination with NaCl 
 
It can also be suggested that reduced chemical potential contributed to reduced liquid uptake 
in the presence of salts. Although the membrane is nominally non-porous, the presence of 
pores and a pore-blocking mechanism cannot be excluded as a contributory factor as was also 
seen in removal of salts in chapter 4 (section 4.4.1). An alternative possibility is that ionic 
interactions affected molecular forces, such as van der Waals interactions, between the 
hydrophilic membrane surface and water, in turn reducing adsorption (Mullerplathe, 1994). 
Also, elevated concentrations of ions can change the transport properties of the host polymer 
to a much greater extent than gas or liquid molecules (Mullerplathe, 1994, Watanabe and 
Ogata, 1988).  
As the temperature increased, the maximum mass of water in humic acid solution sorbed by 
the membrane did not show a significant decrease from 22.5
o
C to 40
o
C and the difference in 
water uptake under these temperatures was not obvious as shown in Figure 5.7. There was an 
average decrease from 30 g at 22.5
o
C to 28 g at 40
o
C. A similar trend was observed for 1 g/l 
humic acid, 2 g/l humic acid and combination of 1 g/l humic acid plus 35 g/l sodium chloride. 
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However when temperature was increased to 60
o
C, a sharp decrease in maximum water 
sorbed was observed as it dropped to an average of 20 g.  
     
Figure 5.7: Average water uptake of humic acid solutions with different temperature  
 
Bartell et al. (1951) explained that a decrease in sorption is expected when a system is 
subjected to increased temperature, assuming the solubility of the adsorbate has a positive 
temperature coefficient. This is because adsorption is an exothermic process. Again 
considering the conceptual steps of pervaporation, both diffusion and desorption via 
evaporation will increase with temperature (Goosen et al., 2002). Thus increased temperature 
decreases absorption of water by the membrane.  
5.5.2. Effect of humic acid on permeate flux and removal efficiency 
For both air and sand permeation tests shown in Table 5.6, increased concentration of humic 
acid solution reduced the permeate flux. In air, for 1 g/l humic acid solution, the permeate 
flux was 4.71 x 10
-2
 L(m
-2∙h-1) while for 2 g/l humic acid solution in air, the permeate flux 
was 3.81 x 10
-2
 L(m
-2∙h-1) compared to the flux of just deionised water which was 5.49 x 10-2 
L(m
-2∙h-1). In sand, the permeate flux for 1 g/l humic acid was 6.54 x 10-3 L(m-2∙h-1) while for 
2 g/l humic acid, it was 6.08 x 10
-3
 L(m
-2∙h-1) compared to 7.87 x 10-3 L(m-2∙h-1) for deionised 
water.  
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Table 5.6: Average Permeate flux for humic acid feed solution in air and sand mediums 
Medium Feed solution Ave Permeate flux L(m
-2∙h-1) 
Air Deionised water 5.49 x 10
-2
 
Air 1g/l humic acid 4.71 x 10
-2
 
Air 2g/l humic acid 3.81 x 10
-2
 
Air 1g/l humic acid + 150g/l NaCl 1.88 x 10
-2
  
Sand Deionised water 7.87 x 10
-3
 
Sand 1g/l humic acid 6.54 x 10
-3
 
Sand 2g/l humic acid 6.08 x 10
-3
 
Sand 1g/l humic acid + 150g/l NaCl 3.04 x 10
-3
 
 
This reduction in flux is most likely due to humic acid molecules blocking the passage of 
water through the membrane. Therefore over time reduced flux is also most likely due to 
concentration polarisation effects (Tu et al., 2001), as also described earlier.  
It is also interesting that, although the humic acid concentration hardly affected the water 
uptake by the membrane, it affected the water permeate flux (Table 5.6): 1 g/l humic acid 
solution resulted in a water flux of 4.71 x 10
-2
 L(m
-2∙h-1) and 2 g/l humic acid solution 
resulted in a flux of 3.81 x 10
-2
 L(m
-2∙h-1), both in air. A similar observation of concentration 
on permeate flux was reported by Quiñones-Bolaños et al. (2005a), who used glucose as the 
feed solution. One possible explanation is the duration of the experiments. While sorption 
water uptake lasted 2 hours, the permeation experiments were for 24 hours. This time was 
sufficient for the concentrated organic molecules to block the passage of water through the 
membrane as a result of concentration polarisation.  
Goosen et al. (2005) reported that in order to reduce fouling due to humic acids, it is best to 
employ hydrophilic membranes; to have feed water with low mineral salts e.g. calcium; and 
to work at low pH. Even though there is expected to be a fouling resistance of hydrophilic 
membranes as they have the lowest propensity to fouling by organic colloids (i.e. humic 
acids), the reduced flux from increased concentration in this study contradicts this.  Tu et 
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al.(2001) also showed that membranes with a higher negative surface charge and greater 
hydrophilicity were less prone to fouling due to fewer interactions between the chemical 
groups in the organic solute and the polar groups on the membrane surface. This again may 
be due to the stronger attraction of water to hydrophilic membranes (Goosen et al., 2005).  
Comparing the permeate flux in air and sand under same feed concentrations, the effect of the 
surrounding medium on permeate flux is again evident (as in the salt experiments described 
in chapter 4). Tests undertaken with the tube in air had the highest mean permeate deionised 
water flux of 5.49 x 10
-2
 L(m
-2∙h-1), followed by 1 g/l humic acid solution in air with 4.71 x 
10
-2
 L(m
-2∙h-1). In contrast, tests undertaken with the tube in sand was 7.87 x 10-3 L(m-2∙h-1) 
for deionised water and 6.54 x 10
-3
 L(m
-2∙h-1) for 1 g/l humic acid solution. The fluxes in air 
are lower than those through corrugated sheet membranes (8.3 – 15.4 x 10-2 L(m-2∙h-1)) 
previously investigated for irrigation applications (Quiñones-Bolaños et al., 2005a, Quinones-
Bolanos et al., 2005b). However, notwithstanding possible differences in membrane 
permeability between the present study and those by Quiñones-Bolaños et al., (2005a) and 
Quiñones-Bolaños et al., (2005b), this is not surprising given that their membrane was 
operated with pressurised feed and sweeping air on the permeate side of the membrane.  
The presence of salt in the solution further reduced the permeate flux (Table 5.6). Tests with 
1 g/l humic acid solution gave a permeate flux of 4.71 x 10
-2
 L(m
-2∙h-1) in air and 6.54 x 10-3 
L(m
-2∙h-1) in sand medium. Whereas, tests with 1 g/l humic acid in combination with 150 g/l 
sodium chloride solution gave a permeate flux of 1.88 x 10
-2
 L(m
-2∙h-1) in air and 3.04 x 10-3 
L(m
-2∙h-1) in sand medium. This is comparable with results obtained for sodium chloride by 
Quiñones-Bolaños et al. (2005a).  
For both air and sand permeation tests, the enrichment factor increased as the feed 
concentration increased. From Table 5.7, it is seen that in sand there was an average 
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enrichment factor of 0.17 for 1 g/l humic acid solution, while it was 0.42 for 2 g/l humic acid 
solution. This value of enrichment factor was obtained by measuring the change in feed 
concentration and therefore took into account the contaminant in both in the tube wall and in 
the sand. However, when only the sand was measured after the experiment, the enrichment 
factor using just the permeated contaminant in the sand was considerably lower; the 
enrichment factor became 0.03 for 1g/l humic acid and 0.03 for 2g/l humic acid which gave a 
percentage rejection of 97% in both sets of tests.  
Table 5.7: Removal of humic acid only and in combination with salt from contaminant feed 
solution in air and sand mediums 
Medium Feed solution Feed 
calculated 
β* 
Medium 
calculated 
β** 
% humic acid 
rejection**  
Air 1g/l humic acid 0.38 NA NA 
Air 2g/l humic acid 0.49 NA NA 
Air 1g/l humic acid + 150g/l NaCl 1.98 NA NA 
Sand 1g/l humic acid 0.17 0.03 97.1 
Sand 2g/l humic acid 0.42 0.03 97.0 
Sand 1g/l humic acid + 150g/l NaCl 2.73 0 99.9 
* = calculated by comparing UV absorbance of feed solution before and after the test, ** = 
calculated using the washed sand UV absorbance (i.e. not accounting for humic acid removed 
within the polymer wall).  
 
This almost same value in percentage rejection goes to show that the concentration of humic 
acid did not affect the ability of the membrane to remove the contaminants. Rather, the initial 
observation of the higher enrichment factor in 2 g/l humic acid solution is likely an indication 
that most of the contaminants are actually retained in the pipe.  
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5.6. Summary 
The average water permeate flux was somewhat equal for the different organic solutions 
(0.037-0.039 L/m
2
/h) but removal efficiency generally increased with increase in the size of 
contaminant molecule (47% - 86%).  
Pearson product-moment correlations (r) showed the size parameters: molecular weight, 
molecular volume and kinetic diameter had an excellent correlation (r > 0.9) obtained with 
contaminant rejection.This suggests that molecular sieving was an important process in the 
rejection of organics by the pervaporation process. Pearson product-moment correlation (r) 
also showed a strong negative correlation with hydrogen bonding (r > -0.9) making hydrogen 
bonding interaction another strong influence on separation.  
A Fickian representation of the solution-diffusion process was observed for humic acid 
sorption experiments. An increase in concentration of humic acid did not affect sorption 
properties but when humic acid was in combination with sodium chloride, there was a 
decrease in maximum swelling as salt concentration increased. Temperature also had an 
effect on water sorption as the maximum swelling observed decreased with increased 
temperature. Permeate flux and selectivity was dependent on feed humic acid concentration, 
the medium surrounding the tube, and the simultaneous presence of sodium chloride.  
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CHAPTER 6 
6.0 REJECTION OF BENZENE, TOLUENE, ETHYLBENZENE, AND 
XYLENES (BTEX) FROM WATER BY A PERVAPORATIVE 
MEMBRANE DESIGNED FOR IRRIGATION APPLICATIONS  
6.1 Introduction 
A specific group of hydrocarbons that are typically present in produced water and are 
potentially harmful to human and environmental health are the aromatic volatile organic 
compounds collectively known as ‘BTEX’: benzene, toluene, ethylbenzene and xylenes 
(Janks and Cadena, 1992). Analyses of the volatile and base/neutral fractions of total oils in 
produced water shows that the dominant components present are the volatile aromatic 
hydrocarbons, particularly BTEX;these are the more water soluble hydrocarbon components 
of the oil and are therefore less likely to be removed from the water by physical oil/water 
separation (Tibbetts et al., 1992).  
In a study in the Gulf of Mexico, Neff et al. (1992) reported the most abundant aromatic 
hydrocarbon in the produced water was benzene. Produced waters from gas production 
operations generally contained higher levels of BTEX than produced waters from either oil 
production or gas storage (Fillo et al., 1992). Jacobs et al. (1992) reported that for water from 
gas platforms the quantity of dissolved hydrocarbons was about the same as that of the 
suspended hydrocarbons. Benzene formed 50-88% of these dissolved hydrocarbons and 
reached concentrations up to 480 mg/l. Toluene concentration ranged from 1010 – 19800 μg/l 
for gas production and  60 – 4902 μg/l for oil production waste waters in the Gulf of Mexico 
(Stephenson, 1992b).  
This chapter investigated the ability of a hydrophilic pervaporative polymer membrane to 
remove BTEX compounds. A degree of removal of these aromatic volatile organic 
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compounds was anticipated based on the findings of chapter 5 regarding the importance of 
molecular size and hydrogen bonding on organic contaminant rejection. 
The structure and physico-chemical properties of BTEX compounds are detailed in Table 6.1.  
6.2 Aims and Objectives  
The aim of this chapter was to investigate the permeation of water and rejection of BTEX by 
the pervaporative polymer.  
The specific objectives were to:  
 Quantify the rejection of BTEX compounds by pervaporation and assess which 
contaminant properties (e.g. molecular size, solubility, log Kow) dictate the relative 
rejection of the individual BTEX compounds relative to one another.  
 Quantify the impact of BTEX concentration on pervaporative water flux across the 
membrane when surrounded in air. 
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Table 6.1: Selected properties and structure of aromatic hydrocarbons tested and water (Sangam and Rowe, 2001, ten Elshof et al., 2003, Joo et 
al., 2004, Yang et al., 2006, Lee et al., 2008)   
compound structure Molar 
weight 
(g/mole) 
Density 
(g/cm
3
) 
Molar 
volume 
a 
(cm
3
) 
Aqueous 
solubility 
b
 (mg/l) 
Log Kow Boiling 
Temp. (
o
C) 
H-bond δ Kinetic 
diameter (Å) 
Benzene 
 
78.11 0.8765 89.11 1780 2.13 80.1 2 5.26  
Toluene 
 
92.14 0.8669 106.28 515 2.79 110.6 2 5.68   
Ethylbenzene 
 
106.17 0.8670 122.46 152 3.13 136.2 1.4 5.85   
m-Xylene 
 
106.17 0.8642 122.85 161.9 3.20 138.0 3.1 6.8  
o-Xylene 
 
106.17 0.8802 120.62 152 3.13 144.0 3.1 5.9   
p-Xylene 
 
106.17 0.8669 122.47 156 3.18 138.3 3.1 5.85  
water  18 1 18 - - 100.0 42.3 2.65 
a
 Calculated based on chemical density and molar weight 
b
 At 20
o
C 
no physico-chemical data available for humic acid
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6.3 Materials and Methods 
Air permeation tests were carried out on individual solutions of BTEX.  UV-Vis 
spectrophotometry was used for quantitative analysis of concentrations for all the compounds 
individually (Sangam and Rowe, 2001, ten Elshof et al., 2003, Joo et al., 2004, Yang et al., 
2006, Lee et al., 2008). Confined air experiments were carried out on multicomponent 
mixture of BTEX.  Qualitative and quantitative analysis of BTEX was carried out using 
automatic thermal desorption (ATD) coupled to gas chromatography (GC), which was fitted 
with a flame ionisation detector (FID).  Air and sand permeation tests were carried out on 
humic acid solutions and concentrations were determined by UV-Vis spectrometry using 
APHA method 5910B for ultraviolet absorption.  These methods are detailed in chapter 3 for 
materials and methods (Table 6.2).  
Table 6.2: Summary of description of methods and applicable results section 
Method Description section Results section 
Air permeation test  3.3, 3.3.4 6.4.1, 6.5.4, 6.5.5, 
6.5.6 
Confined BTEX air experiments 3.6, 3.6.1, 3.6.2, 3.6.4, 3.6.5 6.4.4, 6.4.5 
BTEX analysis by GC-FID 3.6.3 6.4.4, 6.4.5 
Analysis by UV-vis 
spectrophotometry 
3.4.2 6.4.2, 6.4.3, 6.5.7, 
6.5.8, 6.5.9 
 
The permeate flux  J𝑖  is defined as the amount of mass or moles (M) of a compound i 
permeating through the membrane per unit of time (t) per unit area (A) (2005)  
Ji  =  
M𝑖
At
          (6.1) 
Or, in terms of volume V, (Quiñones-Bolaños et al., 2005a)  
Ji  =  
Vp
At
         (6.2) 
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Where, Vp is the volume of water passing through a unit area, A of the membrane per unit 
time, t into the soil, sand and air medium. 
Rejection of contaminants by pervaporation is commonly expressed in terms of enrichment 
factors, the ratio between the concentration of a component (e.g. salt or other contaminant) in 
the permeate (Cp) to that in the feed (Cf) (Quinones-Bolanos et al., 2005b):  
β = 
Cp
Cf
           (6.3) 
While percentage rejection (R) is calculated as: 
 %𝑅 = (1 −  
𝐶𝑝
𝐶𝑓
) · 100       (6.4) 
where Cp and Cf are as defined above.  
 
6.4 Results and Discussion for BTEX  
6.4.1. Water permeate flux and removal of BTEX  
The water fluxes across the pervaporative membrane for waters containing BTEX are shown 
in Figure 6.1. The average daily water flux pattern over time for the different BTEX 
compounds exhibited a trend of decreasing gradually over the 7 day period. For benzene it 
decreased marginally from 2.6 x 10
-2
 L(m
-2∙h-1) to 2.2 x 10-2 L(m-2∙h-1); for toluene and o-
xylene it decreased from 2.6 x 10
-2
 L(m
-2∙h-1) to 2.3 x 10-2 L(m-2∙h-1); for ethylbenzene and p-
xylene from 2.5 x 10
-2
 L(m
-2∙h-1) to 2.3 x 10-2 L(m-2∙h-1); and for m-xylene from 2.5 x 10-2 
L(m
-2∙h-1) to 2.2 x 10-2 L(m-2∙h-1). This marginal decrease in water flux is likely because of 
the concentration polarisation effect on the membrane over time – i.e. as the contaminants 
increased in concentration within the tube, the water was less able to permeate into the 
membrane (Quiñones-Bolaños et al., 2005a), though this effect has been suggested to be less 
noticeable at low fluxes such as those considered in this study (Baker et al., 1997) .  
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a.  b.   
c. d.  
e.  f.   
 
Figure 6.1:  Flux pattern over time for a. benzene, b. toluene, c. ethylbenzene, d. m-Xylene,  
e. o-Xylene and f. p-Xylene in air permeation 
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The water permeate flux for multicomponent solution of total BTEX was also monitored. 
From Table 6.3, for total BTEX 160 mg/l the permeate flux was 2.8 x 10
-2
 L(m
-2∙h-1),  while 
that for total BTEX 400 mg/l was 2.6 x 10
-2
 L(m
-2∙h-1). This was within the range of 2.6 x 10-
2
 L(m
-2∙h-1) obtained for the individual compound air experiments for the initial 24 hour 
period (Figure 6.1).  
Table 6.3: Average permeate flux of total benzene, toluene, ethylbenzene and xylenes BTEX 
solution in confined air experiments for Total BTEX 160 mg/l and 400 mg/l (n=3) over 20 
hours 
Total BTEX mg/l Average permeate flux L(m
-2
·h
-1
) Std. Dev. 
160 2.8 x 10
-2
 1.6 x 10
-3
 
400 2.6 x 10
-2
 2.5 x 10
-3
 
 
 
Confined air experiments were conducted to trap BTEX that may be permeating across the 
membrane into the contained air. Multicomponent solutions of total BTEX concentrations of 
160 mg/l and 400 mg/l were tested to reflect different values obtained in oilfield produced 
water at different locations (Wijmans et al., 1996). 
The removal is summarised for total BTEX 160 mg/l and total BTEX 400 mg/l in Table 6.4. 
The tubular membrane has effectively removed contaminants within the 20-hour 
experimental run giving a removal of >99% for all the individual compounds in the solution.  
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Table 6.4: Removal of BTEX in confined air experiments for total BTEX 160 mg/l and total 
BTEX 400 mg/l    
Compound Feed concentration 
x10
6
 μg/m3 
Concentration in air  
μg/m3  
Benzene 40 12463 
Toluene 40 3705 
Ethylbenzene 20 970 
m-Xylene 20 804 
o-Xylene 20 750 
p-Xylene 20 804 
Total BTEX 160 19496 
Benzene 100 24738 
Toluene 100 9317 
Ethylbenzene 50 2575 
m-Xylene 50 2139 
o-Xylene 50 1835 
p-Xylene 50 2139 
Total BTEX 400 42744 
 
This also goes to show that the combination of organic contaminants present in the water had 
almost no effect on the individual contaminant removal by the pervaporative membrane. This 
is shown in Figure 6.2 and 6.3 for total BTEX 160 mg/l and 400 mg/l. Janks and Cadena 
(1992) and Jacobs et al., (1992) found that in the presence of other organic compounds, the 
mean values of diffusion coefficient D in the single-solute test are identical to those in the 
multi-solute test. This suggested that D values obtained from the single-solute and 
multisolute test were not significantly different from each other and all measured D values 
were on similar order. Similarly, the sorption study indicated that organic compounds in 
dilute aqueous solutions did not show significant competition for sorption with each other in 
the range of concentrations tested. This is akin to the observed results in Table 6.4 where feed 
concentration did not significantly affect the removal of individual compounds. 
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Figure 6.2: Feed and permeate concentration of 160 mg/l total BTEX (a) and concentration 
in permeate only (b)  
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Figure 6.3: Feed and permeate concentration of 400 mg/l total BTEX (a) and concentration 
in permeate only (b)  
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Correlations between the physicochemical properties of these compounds were expected to 
have some influence with regard to removal by this tubular membrane. However, in this 
particular BTEX experiment it was impossible to relate removal to molecular properties. 
From Figure 6.2 and 6.3, removal of all the compounds was > 99.9% which showed that the 
removal trend was independent of these physicochemical properties, practically speaking. 
Though Berens and Hopfenberg (1992) and Berens (1982) found that the diffusion coefficient 
D decreased with increasing permeate weight, size (molecular volume) and cross sectional 
area of the penetrant. Similarly Hansen (1985), Shao and Huang (2004) and Pangarkar and 
Pal (2007) have all reported that the diffusion coefficient of a permeate through a polymer is 
a strong function of the size and shape of the permeate. The molecular volume of the BTEX 
compounds ranged between 89.11-122.85 cm
3
/mol and the kinetic diameter ranged between 
5.26 Å – 5.9 Å for all compounds except m-xylene with 6.8 Å. This kinetic diameter could 
indicate that the shape of the different compounds was similar and played a greater role hence 
the individual physicochemical size characteristics did not affect removal as was expected. 
Similarly, hydrogen bonding interaction is considered a dominant key factor controlling the 
selectivity toward water in hydrophilic pervaporation process (Rowe et al., 2005, Sangam and 
Rowe, 2001, Joo et al., 2004). Water molecules which associate with functional groups 
included in the backbone or side chain of the polymer break polymer-polymer hydrogen 
bonds, allowing water-polymer hydrogen bonds to be formed (Mulder, 1996, Semenova et 
al., 1997). This hydrogen-bonding interaction is possible in this tubular membrane because of 
the ether functional groups included. This makes the membrane more hydrophilic and 
changes its mass transfer properties giving a high water flux and high separation factor 
(Whelton et al., 2010, Bhuvaneshwari and Elango, 2008, Martí-Rujas et al., 2010). Water 
with hydrogen bonding parameter δ of 42.3 was preferentially permeated across the tubular 
membrane. However, the rejection of aromatic compounds benzene, toluene, ethylbenzene 
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and xylenes BTEX was > 99% in both starting feed concentrations of total BTEX 160 mg/l 
and 400 mg/l as the range for H-bond of the BTEX compounds was 1.4 – 3.1 which is low 
compared to 42.3 for water. This could explain the overwhelming permeation of water and 
almost no permeation of the BTEX compounds resulting in > 99% removal of all these 
compounds.   
6.5 Summary 
The pervaporation characteristics of the tubular polymer membrane were studied with respect 
to effect of molecular volume, kinetic diameter, hydrogen bonding and Log Kow on the 
removal of BTEX compounds. The water permeate flux for solutions of the compounds at 
room temperature were estimated for air tests. The average water permeate flux was 
somewhat similar for the different solutions (0.022-0.026 L/m
2
/h).  Confined air experiments 
for combined multicomponent BTEX solution determined rejections > 99% for each of the 
BTEX compounds. This also demonstrates that the presence of a mixture of organic 
contaminants present in the water had almost no effect on the individual contaminant-
removal ability of the tubular membrane. Feed concentration had no significant effect on the 
rejection of BTEX and only a small influence on permeate flux. Given that the removal of all 
the compounds was very high in all cases, it was concluded that the differences in the 
physico-chemical properties of these compounds are insufficient to cause measurable and 
practically important differences in their removal by pervaporation. 
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CHAPTER 7 
7.0 MEMBRANE CHARACTERISATION  
7.1 Introduction  
The chemical nature and morphology of the polymeric membrane and the extent of 
interaction between the polymer and permeate are important factors to consider. Two 
common methods of membrane characterisation are scanning electron microscopy and 
thermogravimetric analysis. 
Scanning electron microscopy (SEM) can reveal information about the membrane including 
external morphology (texture) and chemical composition (Semenova et al., 1997). An energy-
dispersive x-ray spectroscope (EDS) integrated in the SEM can provide detailed information 
on size, shape and composition of foulants (Goldstein, 2003, Reimer, 1998). SEM with EDS 
can be used to analyse the scale or fouling layer and spots such as specific grains and 
precipitates.  
7.2 Aims and objectives 
The main aim of the study was to characterise the tubular polymer membrane using scanning 
electron microscopy with chemical composition analysis.  
The specific objectives were:  
 To use scanning electron microscopy SEM to observe the membrane surface and 
cross section for any evidence of pores.  
 To use scanning electron microscopy to analyse surface and cross-sectional samples 
of the membrane to determine the location of sodium chloride crystals that could have 
permeated the membrane in short and long term permeation experiments. 
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7.3 Chemistry and polymer synthesis  
The hydrophilic tubular membranes were extruded by DuPont from a flat membrane sheet of 
density 18 g/m
2
. The membrane material is made from a block copolymer consisting of two 
main parts of ether and ester blocks (Egerton, 2005, Goldstein, 2003). 
    ETHER blocks – ESTER blocks 
 
 
Polytetramethylene ether glycol (PTMEG) is one of the most important soft segments of 
thermoplastic elastomers and is used for production of this pervaporative copolyester-ether 
elastomer (DuPont, 2012). Also used is polybutylene terephthalate (PBT), a strong and highly 
crystalline synthetic resin produced by the polymerisation of butanediol (BDO) and dimethyl 
terephthalate (DMT) as shown in Figure 7.1 (DuPont, 2012). The hard segments are of 
polybutylene terephthalate (PBT) (crystalline part) and the soft segments are based on long 
glycol chains of PTMEG as shown in Figure 7.2 (DuPont, 2012). There are no cross-links 
between the chains and the material has a well marked transition and glassy domain below its 
glass transition temperature of about -45
o
C.  
 
Soft segments 
amorphous 
Hard segments 
crystalline 
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Figure 7.1: Polymer synthesis of membrane material (DuPont, 2012)  
 
  
 
          
Figure 7.2: crystalline and amorphous regions of tubular polymer membrane (DuPont, 2012) 
 
Crystalline regions 
Amorphous regions 
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The membrane has hydrophilic domains and is therefore moisture-permeable but was 
believed to have limited permeability to cations and anions. PBT also has good resistance to 
aromatic hydrocarbons, dilute acids, greases and oils. PBT also lends rigidity and 
thermoplastic properties to the copolyester elastomer (DuPont, 2012).  
7.4 Results and discussion for scanning electron microscopy 
For the clean unused tubular membrane sample, scanning electron microscopy (SEM) images 
showed the inner surface of the membrane was rougher than the outer surface.  The 
membrane morphology was observed to be heterogeneous There was no visual evidence of 
pores through the membrane surface.  
NaCl crystals which had permeated into the membrane provided evidence of the spread of the 
crystals within the membrane. This also made it possible to use energy-dispersive x-ray 
spectroscope (EDS) to carry out elemental analysis within a cross section of the membrane 
that had been used for experiments (DuPont, 2012). Assuming the path of permeation of 
NaCl is the same as that for water, then the solution most likely enters the inner surface of the 
membrane as a liquid and exits as a vapour at the outer boundary layer of the membrane, with 
salt being retained within the inner polymer layers of the membrane.   
SEM imaging showed that for two samples of  tubular membrane from the same experiment, 
one section clearly showed evidence of sodium chloride crystals permeating while the other 
had none visible at all (Figure 7.3). This demonstrates that the membrane is not homogeneous 
but rather there are voids/gaps in some parts of the polymer structure, perhaps due to packing 
inefficiencies during formation of the tube structure. The SEM also showed that for certain 
sections of membrane the amount of salt crystals reduced significantly only a short distance 
into the inner membrane surface, as was confirmed by analysis of the chemical composition 
using EDS (Figure 7.3).  
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Figure 7.3: Top row: SEM pictures for cross section of membrane with sample that has much 
salt penetration (left) and sample with little or negligible salt penetration (right); Middle row: 
magnified SEM sections of top row focusing on areas of much salt penetration showing 
crystals embedded in the void of the membrane; Bottom row: magnified sections of top row 
focusing on samples that showed no evidence of salt crystals.  
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However, this pattern was not observed for all samples, with other images revealing very 
limited numbers of salt crystals (Figure 7.3) or alternatively crystals spread across the 
majority of the membrane width. This reaffirms the variability in salt penetration between 
different sections of the same pervaporative tube.    
Because of the need to properly utilise the SEM pictures, several (about 8 - 10) different 
sections were cut for the tubular membrane used in a particular experiment. This meant 
several images were taken per tubular sample. For all the tubular samples, there was 
consistency in similarity of the images visually observed from all the cut sections. 
Samples used for 35 g/l, 70 g/l and 150 g/l NaCl feed solutions were all analysed. Images of 
tube samples exposed to higher sodium chloride concentrations generally showed more 
crystals embedded. This was verified by desorption tests, undertaken by leaving salted tube 
samples overnight in deionised water and then measuring the resultant conductivity. These 
confirmed that higher masses of salt were desorbed from samples initially exposed to higher 
sodium chloride concentrations. 
Over time, NaCl accumulates in the membrane and breaks through the tubular polymer 
membrane. On the downstream surface, there were small visible patches of white powdered 
deposits on the membrane. In Figure 7.4, SEM images of the membrane outer surface 
revealed low level of salt had permeated across the membrane after 120 days. The images 
show salt distribution at a magnification of 300 µm with an enlarged magnification 
composition analysis at 70 µm identifying Na and Cl crystals in low concentrations on the 
surface.  
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Figure 7.4: SEM images and elemental composition for outer surface sample used in long 
term experiments (120 days) 
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In the membrane sample outer cross sectional image shown in Figure 7.5 with elemental 
composition in Figure 7.6, there was low level of sodium, Na and chlorine, Cl crystals 
present in the outer area of the membrane. These spectral images obtained again show a 
heterogeneous distribution of Na and Cl which diminishes toward the region close to the 
outer membrane boundary area. This outer boundary generally has the least amount of Na 
and Cl (Figure 7.5).  
There is the possibility that salt crystals found a path due to available voids (free volume) in 
the polymer resulting from packing inefficiencies.  The large free voids allowed salt 
molecules to nucleate (crystallise) and grow across the membrane to the surface. However, 
there was no clear path of salt movement from the inner to the outer surface lending credence 
to the existence of free volumes that appear and disappear. It also confirms the absorption and 
incorporation in microvoids (Goldstein, 2003, Reimer, 1998).   
           
Figure 7.5: SEM image for outer cross sectional downstream boundary area for sample of 
long term experiments (120 days) 
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Figure 7.6: Elemental composition for outer downstream cross sectional area sample of long 
term experiment 
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Figure 7.7: SEM image and elemental composition for inner cross sectional upstream area 
for sample of long term experiments (120 days). 
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Furthermore, increased salt concentration in the boundary layer over time could have allowed 
more molecules to occupy and saturate these voids leading to an eventual breakthrough of 
salt crystals. Similar observation of SEM cross sectional images showing the presence of 
NaCl was made in the case of i-propanol applications for its recovery from a mixture 
containing water and dissolved salts from washing operations (Pangarkar and Pal, 2008). 
It is difficult to analyse the difference in morphology between swelled and unswelled tubular 
membranes because the gold coating machine during sample preparation first vacuums out 
the water leaving the material in a dried state. Hence, changes in surface and cross-section of 
membrane in swelled conditions were not possible.  
7.5 Summary  
Scanning electron microscopy, SEM confirmed that the unused (as received) membrane 
surface and cross section revealed no evidence of pores or cracks. Surface and cross-sectional 
samples of the membrane used for short and long term permeation experiments of sodium 
chloride showed crystals had permeated the membrane and embedded in the tube walls.  
Scanning electron microscopy, SEM imaging also showed that for two samples of tubular 
membrane from the same experiment, one section clearly showed evidence of sodium 
chloride crystals permeating while the other had none visible at all. This demonstrated that 
the membrane is not homogeneous but rather there are voids/gaps in some parts of the 
polymer structure, perhaps due to packing inefficiencies during formation of the tube 
structure. Images of tube samples exposed to higher sodium chloride concentrations generally 
showed more crystals embedded. The SEM also showed that for certain sections of 
membrane the amount of salt crystals reduced significantly only a short distance into the 
inner membrane surface, as was confirmed by analysis of the chemical composition using 
energy-dispersive x-ray spectroscopy. Some other images revealed very limited numbers of 
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salt crystals or alternatively crystals spread across the majority of the membrane width. This 
reaffirms the variability in the degree of salt penetration into the tube between different 
sections of the same pervaporative tube.   
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CHAPTER 8 
8.0 GENERAL DISCUSSION 
8.1 Motivation of the work and contributions to knowledge 
Due to the increasing interest in reusing oilfield produced water for beneficial purposes such 
as irrigation especially in locations where freshwater is scarce, the use of a hydrophilic 
pervaporative tubular polymer membrane was evaluated to provide remediation of the waste 
streams. The use of the tubular polymer could in the long term provide a cleaner technology 
that requires low maintenance and is less energy intensive. The removal of salts and various 
organic micro pollutants present in oilfield produced water by the tubular membrane was 
investigated using immersion and permeation laboratory methods. The tests also used 
individual compounds and in combination to provide a way of evaluating and scientifically 
determining the possibility of using the tubular membranes for real oilfield produced waters 
in the oil and gas industry since the pollutants are in combination. The relevant physical and 
chemical factors influencing the removal of contaminants, and the impact of water quality on 
water flux through the membrane were determined. It was established that membrane 
characteristics (structure and morphology), water quality parameters, and contaminant 
properties (molecular size and shape, hydrogen bonding parameter, hydrophobicity) 
controlled the rejection of contaminants by pervaporative membranes. This expanded 
knowledge could be utilised in improving the practical application of pervaporative irrigation 
systems for treating contaminated waters such as oilfield produced waters.  
8.2 Choice of contaminants and relevant discharge requirements  
In order to meet the discharge requirements of the industry and environment, the removal of 
contaminants using the tubular polymer membrane was examined. Discharge requirements 
generally depend on the country and also the nature of the receiving waters. 
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Table 8.1: Groundwater standards for irrigation use in produced water management  
Contaminant compound Regulatory standard (mg/l) 
Total Dissolved Solids (TDS) 1000.0 
Chloride (Cl) 250.0 
Benzene 0.01 
Toluene 0.75 
Ethylbenzene  0.75 
Total xylenes 0.62 
PAHs: total naphthalene plus monomethylnaphthalenes 0.03 
Phenols 0.005 
 
 
The ground water standards expected for irrigation use provided in the produced water 
management practices and applicable regulations of the United States Water Quality Control 
Commission is shown in Table 8.1(OCD, 2013).  
The tubular polymer investigated effectively removed salt when surrounded by air, soil and 
sand and met the standard for irrigation use. The tubular polymer also effectively removed 
BTEX compounds (>99%). For toluene, ethylbenzene and xylenes, this removal showed that 
the final concentrations were much lower than the regulatory standard values. Thus toluene, 
ethylbenzene and xylenes met the standards for irrigation use. However for benzene, at a 
higher concentration of 100 mg/l feed solution, the permeate concentration was 0.02 mg/l 
which is higher than the regulatory standard of 0.01 mg/l. This indicates that produced waters 
with benzene concentrations lower than 40 mg/l should be used with this tubular membrane. 
Again, monitoring the accumulation of BTEX in the soil over time might be necessary. The 
polynuclear aromatic hydrocarbons fluorene and naphthalene were considerably removed to 
meet regulatory standards. However phenol and 2-phenoxyethanol were not effectively 
removed due to their higher hydrogen bonding interaction parameter. As such, the tubular 
polymer would not be suitable for produced waters with high phenolic content. 
 
145 
 
8.3. Implication of results for irrigation purpose 
At the maximum 150 g/l salt concentration used in this study, the most relevant with respect 
to deploying the membrane for production of irrigation water from highly saline produced 
waters, permeate flux values in sand was 2.49 x 10
-3
 - 3.95 x 10
-3
 L(m
-2∙h-1). This indicates 
that a 1 m length of tube, of surface area 1.02 m
2
, would be capable of supplying 2.54 x 10
-3
 – 
4.03 x 10
-3
 L·h
-1
 of water in sand. Calculating crop evapo-transpiration, i.e. water 
requirements, is complex as rates are affected by multiple variables, including soil type, 
meteorological and atmospheric parameters, crop factors and efficiency of the irrigation 
system (FAO, 1998). Nonetheless, a preliminary assessment based upon 80% irrigation 
efficiency, i.e. the proportion of water taken up by the plants, as is typically assumed for a 
variety of irrigation systems (FAO, (1989), suggests that a minimum of 13 pervaporation 
tubes would be required per m
2
 of land in order to supply the minimum water requirement for 
tomatoes (3.3 x 10
-2
  L(m
-2∙h-1)) and peppers (3.3 x 10-2  L(m-2∙h-1)) (Quinones-Bolanos et al., 
2005b). For vegetables like cucumbers which have higher water requirements (8.3 x 10
-2
  
L(m
-2∙h-1)), a correspondingly higher number i.e. 33 pervaporative tubes each of 1 m length 
will be required per  m
2
 of land. However, for waters of lower salinity i.e. 35 g/l salt 
concentration, 1 m length of tube could produce a minimum of 5.8 x 10
-3
 L·h
-1
 of water in 
sand suggesting that 6 pervaporation tubes would be required per m
2
 of land in order to 
supply the minimum water requirement for tomatoes and peppers. An illustrative schematic 
diagram of how the tubes could be used in the field for irrigation is shown in Figure 8.1. 
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Figure 8.1: Schematic diagram of tubes on ground for irrigation in the field 
The difference in order of magnitude for flux values in air versus soil and sand demonstrates 
the benefit of maintaining a high vapour pressure across the membrane. Meanwhile, both 
sodium chloride rejection values and SEM images in chapter 7 suggest that, while salt 
permeation rates are very low, salt is not fully prevented from entering the interior structure 
of the membrane. This was confirmed by the test undertaken with a plugged tube filled with 
sodium chloride solution and submerged in deionised water, under which condition salt was 
found to completely permeate through the membrane. Two issues of practical significance 
suggest themselves. The first is the need to monitor soil salinity closely following 
waterlogged soil conditions in irrigation applications; the findings that salt breaks through the 
polymer easily when both sides of the tube are in direct contact with water (i.e. in the 
immersion tests), as might occur during heavy rainfall, suggests that this technology might be 
more appropriate for indoor applications, such as in greenhouses. The second is whether salt 
would eventually permeate through the membrane at elevated concentrations after extended 
exposure periods in other soil media. That said, the tubular polymer investigated was found to 
effectively removed salt when surrounded by air, soil and sand and was able to produce water 
fluxes that would be appropriate for meeting the needs of several common irrigated crops. It 
 
Elevated contaminated 
water storage tank 
Retentate 
flush outlet 
Tubular membranes arranged on the ground    
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is also important to note that the experiments carried out did not have any plants. It is 
expected that the pervaporative flux would be higher in soils with plants because the plants 
would be providing a higher driving force.  
8.4 Practical implications of the research  
Because of the high difference for flux values in air versus soil and sand as well as the likely 
effect of waterlogged conditions on the efficiency of using the tubular membrane, alternative 
designs could be put in place to exploit obtainable maximum benefits of use. For example: 
 The use of greenhouses designed specifically for use with the tubular membranes as 
alternative designs which could be put in place for areas prone to more rainfall in a 
year. This would create a cover from external weather conditions thereby ensuring the 
tubular membranes are not exposed to water-logged conditions and perhaps this type 
of irrigation is more appropriate for greenhouse environments (i.e. protected from 
rainfall). 
 The possibility of placing the tubular membranes from produced water source to a 
collecting reservoir (on/above ground). This will have the added advantage of a 
higher permeate flux in air which will in turn reduce volume and concentrate the 
oilfield produced water before discharging at the reservoir downstream for additional 
treatment before final discharge. Several sources (small producers) could have a joint 
collecting reservoir.  
These alternative designs would be suitable especially for the small-scale producers because 
of its low (reduced) maintenance, low energy requirement and ease of use of the technology. 
It could also be used by the large oil and gas producers as a possible option for remediating 
waste streams. Presently, agriculture accounts for >70% of fresh water consumed worldwide 
and the use of irrigation continues to spread thereby pumping up more ground water which 
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causes the water table to drop, consumes energy and generate emissions. By 2030, the world 
will need 30% more water, 40% more energy and 50% more food; hence the importance of 
reusing oilfield produced water for beneficial purposes such as irrigation especially in 
locations where freshwater is scarce. 
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CHAPTER 9 
9.0 CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER 
WORK 
9.1 Conclusions 
This thesis presented an investigation of a tubular polymer membrane intended for irrigation 
applications and its suitability in terms of the removal of salt, organics and hydrocarbons 
from water. It was established that membrane characteristics (structure and morphology), 
water quality parameters, and contaminant properties (molecular size and shape, hydrogen 
bonding parameter, hydrophobicity) controlled the rejection of contaminants by 
pervaporative membranes. The especially key findings of this research were (with specific 
novel findings highlighted in italics):  
 Factors affecting pervaporative water flux. Water flux across the tubular 
pervaporative polymer membrane in this study was impacted by the surrounding 
medium, with tests in air producing the highest water flux followed by soil and then 
sand. The salt content of the water has a direct effect on water sorption and permeate 
flux. Permeate flux values for top soil and silver sand are the most relevant with 
respect to deploying the membrane for production of irrigation water. At the 
maximum 150 g/l salt concentration used in this study, the most relevant with respect 
to deploying the membrane for production of irrigation water from highly saline 
produced waters, permeate flux values in sand was 2.49 x 10
-3
 - 3.95 x 10
-3
 L(m
-2∙h-1). 
This indicates that a 1 m length of tube, of surface area 1.02 m
2
, would be capable of 
supplying 2.54 x 10
-3
 – 4.03 x 10-3 L·h-1 of water in sand. Calculating crop evapo-
transpiration, i.e. water requirements, is complex as rates are affected by multiple 
variables, including soil type, meteorological and atmospheric parameters, crop 
factors and efficiency of the irrigation system. Nonetheless, a preliminary assessment 
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based upon 80% irrigation efficiency, i.e. the proportion of water used by the plants, 
as is typical for a variety of irrigation systems suggests that suggests that a minimum 
of 13 pervaporation tubes would be required per m
2
 of land in order to supply the 
minimum water requirement for tomatoes (3.3 x 10
-2
  L(m
-2∙h-1)) and peppers (3.3 x 
10
-2
  L(m
-2∙h-1)). For vegetables like cucumbers which have higher water requirements 
(8.3 x 10
-2
 L(m
-2∙h-1)), a correspondingly higher number i.e. 33 pervaporative tubes 
each of 1 m length will be required per  m
2
 of land. However, for waters of lower 
salinity i.e. 35 g/l salt concentration, 1 m length of tube could produce a minimum of 
5.8 x 10
-3
 L·h
-1
 of water in sand suggesting that 6 pervaporation tubes would be 
required per m
2
 of land in order to supply the minimum water requirement for 
tomatoes and peppers. A Fickian representation of the solution-diffusion process was 
observed for humic acid sorption experiments. An increase in concentration of humic 
acid did not affect sorption properties but when humic acid was in combination with 
sodium chloride, there was a decrease in maximum swelling as salt concentration 
increased. Temperature also had a clear effect on water sorption as the maximum 
swelling observed decreased with increased temperature.The range of membrane 
thicknesses investigated in this research did not significantly influence water flux 
rates.  
 Factors influencing rejection of organics from water by pervaporation. The rates 
of water permeate flux and removal efficiency of contaminant for individual solutions 
of fluorene, naphthalene, phenol, 1,2-dichlorobenzene, 1,2-diethylbenzene, and 2-
phenoxyethanol at room temperature was determined. Removal increased with 
increase in the size of the contaminant molecule (47% - 86%). The solubility also had 
an effect as phenol and 2-phenoxy ethanol had the highest solubility in water of 8000 
mg/l and 3000 mg/l respectively, hence the least removal. Hydrogen bonding effect 
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was observed to have influenced the removal of phenol (14.9) and 2-phenoxy ethanol 
(14.3) with the least removal efficiency of 47% and 58% respectively while Fluorene 
(1.7) and 1,2-dichlorobenzene (3.3) were best removed at 86% and 73% respectively. 
Pearson product-moment correlations (r) showed the size parameters, molecular 
weight, molecular volume and kinetic diameter had an excellent correlation (r > 0.9) 
obtained with removal efficiency. This suggests that a molecular sieving effect 
influences separation by this type of membrane. Pearson product-moment correlation 
(r) also showed an excellent negative correlation with hydrogen bonding (r > 0.9) 
meaning that hydrogen bonding interaction was another strong influence on 
separation.  
 BTEX rejection from water by pervaporation. Confined air experiments for 
combined multicomponent BTEX solution gave a removal efficiency > 99% for each 
of the compounds when considered individually. This also goes to show that the 
presence of a mixture of organic contaminants present in the water had almost no 
effect on the individual contaminant-removal ability of the tubular membrane. Feed 
concentration hardly affected removal efficiency of BTEX but had some influence on 
permeate flux.  
 Salt penetration into and across the pervaporative membrane. The rejection of 
sodium chloride when the tubular membrane was surrounded in sand at room 
temperature was above 98.7% across all experiments, which was encouraging in 
terms of field applicability for irrigation with saline waters. However, surface and 
cross-sectional scanning electron microscopy (SEM) images of the membrane used 
for short and long term permeation experiments using sodium chloride showed that 
salt crystals had permeated the membrane and embedded in the tube walls. SEM 
imaging also showed that for two samples of tubular membrane from the same 
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experiment, one section clearly showed evidence of sodium chloride crystals 
permeating while the other had none visible at all. This demonstrated that the 
membrane is not homogeneous but rather there are voids/gaps in some parts of the 
polymer structure, perhaps due to polymer packing inefficiencies during formation of 
the tube structure. Images of tube samples exposed to higher sodium chloride 
concentrations generally showed more crystals embedded. The SEM also showed that 
for certain sections of membrane the amount of salt crystals reduced significantly only 
a short distance into the inner membrane surface, as was confirmed by analysis of the 
chemical composition. Some other images revealed very limited numbers of salt 
crystals or alternatively crystals spread across the majority of the membrane width. 
There can therefore be variability in salt penetration between different sections of the 
same pervaporative tube. Immersion tests also showed that salt can pass freely 
through the membrane when both sides of the membrane surface are wetted, 
suggesting the potential for salt penetration into soils under saturated soil conditions.   
9.2 Recommendations and further research 
The next logical stage of research into pervaporative irrigation, carrying on from this thesis 
research, would be to investigate the degree to which the fluxes measured and the impact of 
different surrounding media and temperatures apply in the field, in real irrigation 
applications. The impact of plants, in terms of providing an additional driving force for 
pervaporative flux, is also a fruitful area for further research. 
There are also other important produced water contaminants to consider through further 
experiments (which could be done similarly to those which have been presented in this 
thesis), specifically heavy metals and various other soluble hydrocarbons.  
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Membrane fouling over the long term is also of potentially significant importance. Fouling 
can degrade membranes and lead to shortened membrane life. This is one area where further 
research with the PV polymers is required, ideally under field conditions. The right operating 
conditions to minimise or control membrane fouling from various contaminants should be 
further studied.  
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APPENDIX 1 
A1.1 Average composition of produced water  
Table A1.1. Concentration ranges of several classes of naturally-occuring metals and organic 
chemicals in produced water world-wide. Concentrations are mg/L (parts per million) (Neff, 2002) 
Chemical Class Concentration Range 
Total organic carbon 
Total saturated hydrocarbons 
Total benzene, toluene, ethylbenzene, and xylenes (BTEX) 
Total polycyclic aromatic hydrocarbons (PAHs) 
Total steranes/triterpanes 
Total phenols 
Total organic acids 
Sulphate 
Arsenic 
Barium 
Cadmium 
Chromium 
Copper 
Iron 
Lead 
Manganese 
Mercury 
Nickel 
Zinc 
Total radium (pCi/L) 
≤0.1  - >11,000  
17 – 30 
0.068 – 578 
0.04 – 3.0 
0.14 – 0.175 
0.6 – 23 
≤0.001 – 10,000 
≤1.0 – 8,000 
0.000004 – 0.32 
≤0.001 – 2,000 
0.0000005 – 0.49 
≤0.000001 – 0.39 
≤0.000001 – 55 
≤0.0001 – 465 
≤0.000001 – 18 
0.0002 – 7.0 
≤0.000001 – 0.075 
≤0.000001 – 1.67 
0.000005 - 200 
0 – 5,150 
 
Table A1.2. Salinity (o/oo) and concentrations (mg/L) of selected inorganic ions in typical seawater 
and in produced water (Neff, 2002) 
Chemical Seawater World Produced Water  
Salinity (o/oo) 
Sodium 
Chloride 
Calcium 
Strontium 
Magnesium 
Potassium 
Sulphate 
Sulphide 
Ammonia  
32 – 36 
10,560 
18,900 
400 
13 
1,270 
380 
880 
---- 
---- 
30 – 320 
65 – 97,000 
<5 – 201,000 
13 – 118,800 
7 – 3,200 
4 – 11,700 
3 – 6,500 
<1 – 1,650 
0.12 – 256 
 <0.1 – 650 
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A1.2 Produced Water Management Practices and Applicable Regulations (United 
States) 
TITLE 20 ENVIRONMENTAL PROTECTION 
CHAPTER 6 WATER QUALITY 
PART 2 GROUND AND SURFACE WATER PROTECTION 
 
20.6.2.1 ISSUING AGENCY:  Water Quality Control Commission 
[12-1-95; 20.6.2.1 NMAC - Rn, 20 NMAC 6.2.I.1000, 1-15-01] 
20.6.2.3103 STANDARDS FOR GROUND WATER OF 10,000 mg/l TDS 
CONCENTRATION OR LESS:  The following standards are the allowable pH range and the 
maximum allowable concentration in ground water for the contaminants specified unless the existing 
condition exceeds the standard or unless otherwise provided in Subsection D of Section 20.6.2.3109 
NMAC.  Regardless of whether there is one contaminant or more than one contaminant present in 
ground water, when an existing pH or concentration of any water contaminant exceeds the standard 
specified in Subsection A, B, or C of this section, the existing pH or concentration shall be the 
allowable limit, provided that the discharge at such concentrations will not result in concentrations at 
any place of withdrawal for present or reasonably foreseeable future use in excess of the standards of 
this section. These standards shall apply to the dissolved portion of the contaminants specified with a 
definition of dissolved being that given in the publication "methods for chemical analysis of water 
and waste of the U.S. environmental protection agency," with the exception that standards for 
mercury, organic compounds and non-aqueous phase liquids shall apply to the total unfiltered 
concentrations of the contaminants. 
 A. Human Health Standards-Ground water shall meet the standards of Subsection A 
and B of this section unless otherwise provided.  If more than one water contaminant affecting human 
health is present, the toxic pollutant criteria  as set forth in the definition of toxic pollutant in Section 
20.6.2.1101 NMAC for the combination of contaminants, or the Human Health Standard of 
Subsection A of Section 20.6.2.3103 NMAC for each contaminant shall apply, whichever is more 
stringent.   Non-aqueous phase liquid shall not be present floating atop of or immersed within ground 
water, as can be reasonably measured. 
                    (1)     Arsenic (As)……………………………………..0.1 mg/l 
                    (2)     Barium (Ba).………………………………….....1.0 mg/l 
                    (3)     Cadmium (Cd)………………………………......0.01 mg/l 
                    (4)     Chromium (Cr).……………………………...….0.05 mg/l 
                    (5)     Cyanide (CN)………………………………..…..0.2 mg/l 
                    (6)     Fluoride (F)....……………………………..…….1.6 mg/l 
                    (7)     Lead (Pb)……………………………………….0.05 mg/l 
                    (8)     Total Mercury (Hg)…………………………….0.002 mg/l 
                    (9)     Nitrate (NO3 as N)……………………………...10.0 mg/l 
                    (10)     Selenium (Se)…………………………………0.05 mg/l 
                    (11)     Silver (Ag)…………………………………….0.05 mg/l 
                    (12)     Uranium (U)…………………………………...0.03 mg/l 
                    (13)     Radioactivity:  Combined Radium-226 & Radium-228…30 pCi/l 
                    (14)     Benzene…..……………………………………..0.01 mg/l 
                    (15)     Polychlorinated biphenyls (PCB's)…………....0.001 mg/l 
                    (16)     Toluene………………………………………....0.75 mg/l 
                    (17)     Carbon Tetrachloride…………………………...0.01 mg/l 
                    (18)     1,2-dichloroethane (EDC) …………………...…0.01 mg/l 
                    (19)     1,1-dichloroethylene (1,1-DCE) ……………....0.005 mg/l 
                    (20)     1,1,2,2-tetrachloroethylene (PCE) …………..….0.02 mg/l 
                    (21)     1,1,2-trichloroethylene (TCE) ……………….…..0.1 mg/l 
                    (22)     ethylbenzene……………………………….……0.75 mg/l 
                    (23)     total xylenes…………………………….…….....0.62 mg/l 
                    (24)     methylene chloride……………………….………0.1 mg/l 
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                    (25)     chloroform…………………………….………………….....0.1 mg/l 
                    (26)     1,1-dichloroethane…………………………….…….……0.025 mg/l 
                    (27)     ethylene dibromide (EDB) ……………………….……..0.0001 mg/l 
                    (28)     1,1,1-trichloroethane…………………………………...….0.06 mg/l 
                    (29)     1,1,2-trichloroethane…………………………….…….......0.01 mg/l 
                    (30)     1,1,2,2-tetrachloroethane………………………………..…0.01 mg/l 
                    (31)     vinyl chloride…………………………….………………0.001 mg/l 
                    (32)     PAHs: total naphthalene plus monomethylnaphthalenes….0.03 mg/l 
                    (33)     benzo-a-pyrene…………………………….………………0.0007 mg/l 
 B. Other Standards for Domestic Water Supply 
                    (1)     Chloride (Cl) …………………………….………………....250.0 mg/l 
                    (2)     Copper (Cu) …………………………….……………….....1.0 mg/l 
                    (3)     Iron (Fe) …………………………….……………………...1.0 mg/l 
                    (4)     Manganese (Mn) …………………………….……………..0.2 mg/l 
                    (6)     Phenols…………………………….…………………….…0.005 mg/l 
                    (7)     Sulfate (SO4) ……………………………..………………..600.0 mg/l 
                    (8)     Total Dissolved Solids (TDS) ……………………………1000.0 mg/l 
                    (9)     Zinc (Zn) …………………………….……………………10.0 mg/l 
                    (10)     pH…………………………….………………………….between 6 and 9 
 C. Standards for Irrigation Use - Ground water shall meet the standards of 
Subsection A, B, and C of this section unless otherwise provided. 
                    (1)     Aluminum (Al)…….. .………………………….……….…5.0 mg/l 
                    (2)     Boron (B) …………………………….…………………...0.75 mg/l 
                    (3)     Cobalt (Co) …………………………….………………….0.05 mg/l 
                    (4)     Molybdenum (Mo) …………………………….…………...1.0 mg/l 
                    (5)     Nickel (Ni) …………………………….…………………....0.2 mg/l 
[2-18-77, 1-29-82, 11-17-83, 3-3-86, 12-1-95; 20.6.2.3103 NMAC - Rn, 20 NMAC 6.2.III.3103, 1-
15-01; A, 9-26-04](OCD, 2013) 
[Note:  For purposes of application of the amended numeric uranium standard to past and current 
water discharges (as of 9-26-04), the new standard will not become effective until June 1, 2007.  For 
any new water discharges, the uranium standard is effective 9-26-04.] 
 
 
Reference for Appendix 1 
NEFF, J. M. 2002. Bioaccumulation in Marine Organisms: Effect of Contaminants from Oil 
Well Produced Water, Elsevier  
OCD. 2013. Produced Water Management Practices and Applicable Regulations [Online]. 
New Mexico Energy, Minerals and Natural Resources Department 
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APPENDIX 2  
A2.1 A brief summary of the Hansen solubility parameter concept 
The total cohesion energy of a liquid, E, can be divided into at least three separate parts either 
by experiment or by calculation. In the three-parameter Hansen approach these parts 
quantitatively describe the nonpolar, atomic (dispersion) interactions, ED, permanent dipole-
permanent dipole interactions, EP, and the hydrogen bonding interactions, EH (Hansen, 2004). 
E = ED + EP + EH                          (A2.1) 
E can be experimentally measured by determining the energy required to evaporate the liquid, 
thus breaking all of its cohesion bonds in the process. 
E = ∆H – RT                 (A2.2) 
Where ∆H is the measured (or predicted) latent heat of vaporisation, R is the universal gas 
constant, and T is the absolute temperature.  
Dividing Equation (A2.1) by the molar volume, V, gives the respective Hansen cohesion 
energy (solubility) parameters. 
𝐸
𝑉
 = 
𝐸D
𝑉
 +
𝐸P
𝑉
 + 
𝐸H
𝑉
                             (A2.3) 
This then becomes 
δ2 = (δD)
2
 + (δP)
2
 + (δH)
2
             (A2.4) 
These are sometimes simply called the D, P, and H parameters, respectively. HSP can be 
readily calculated for liquids using the techniques described.  
The earlier Huggins-Flory and new Flory approach did not include hydrogen bonding. 
Because of this, the Huggins-Flory and subsequent “new Flory” approaches seemed 
inadequate for other than strictly nonpolar systems, since hydrogen bonding was not 
specifically included (Hansen, 2004). The HSP approach is therefore the only proven, 
reliable, and generally useful means to systematically study the common types of interactions 
involved in systems with hydrogen bonding and with permanent dipoles (Hansen, 2004, Shao 
and Huang, 2007, Hansen, 2007).  
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Table A2.1.  Hansen Solubility Parameters (HSP) of some important solvents (Shao and Huang, 
2007) 
solvent Dispersion Polar Hydrogen 
1,2-Diethyl benzene 
1,4-Dioxane 
1-Butanol 
1-Butene 
1-Heptene 
1-Hexene 
1-Pentanol 
1-Propanol 
2,3-Dichlorobenzene 
2,4-Dichlorobenzene 
2-Butanol 
2-Pentanol 
2-Propanol 
Acetic acid 
Acetone 
Acrylic acid 
Benzene 
Butane 
Carbon tetrachloride 
Chlorobenzene 
Chloroform 
Cyclohexane 
Diethyl carbonate 
Diethyl ether 
Diethyl ketone 
Dimethyl carbonate 
Ethanol 
Ethyl acetate 
Ethyl benzene 
Ethylene dichloride 
Ethylene glycol 
Glycerol 
Heptane 
Hexane  
m-Dichlorobenzene 
Methanol 
Methylacrylic acid 
Methylene dichloride 
n-Butyl acetate 
Octane 
Octanol 
o-Dichlorobenzene 
o-Xylene 
p-Dichlorobenzene 
p-Diethyl benzene 
Phenol 
Propionic  acid 
Tetrahydrofuran 
Toluene 
Trichloroethylene 
Triethylene glycol 
Water 
Xylene  
17.7 
19 
16 
13.2 
15 
14.7 
15.9 
16 
19.7 
20.4 
15.8 
15.6 
15.8 
14.5 
15.5 
17.7 
18.4 
14.1 
17.8 
19 
17.8 
16.8 
16.6 
14.5 
15.8 
15.5 
15.8 
15.8 
17.8 
19 
17 
17.4 
15.3 
14.9 
19.7 
15.1 
15.8 
18.2 
15.8 
15.5 
17 
19.2 
17.8 
19.7 
18 
18 
14.7 
16.8 
18 
18 
16 
15.5 
17.6 
0.1 
1.8 
5.7 
1.3 
1.1 
1.1 
4.5 
6.8 
12.6 
8.7 
5.7 
6.4 
6.1 
8 
10.4 
6.4 
0 
0 
0 
4.3 
3.1 
0 
3.1 
2.9 
7.6 
3.9 
8.8 
5.3 
0.6 
7.4 
11 
12.1 
0 
0 
5.1 
12.3 
2.8 
6.3 
3.7 
0 
3.3 
6.3 
1 
5.6 
0 
5.9 
5.3 
5.7 
1.8 
3.1 
12.5 
16 
1 
1 
7.4 
15.8 
3.9 
2.6 
0 
13.9 
17.4 
4.4 
4.2 
14.5 
13.3 
16.4 
13.5 
7 
14.9 
2 
0 
0.6 
2 
5.7 
0.2 
6.1 
5.1 
4.7 
9.7 
19.4 
7.2 
1.4 
4.1 
26 
29.3 
0 
0 
2.7 
22.3 
10.2 
6.1 
6.3 
0 
11.9 
3.3 
3.1 
2.7 
0.6 
14.9 
12.4 
8 
2 
5.3 
18.6 
42.3 
3.1  
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A2.2 Molecular Dynamics Simulations 
Even though molecular dynamic simulations were not carried out in this particular research, it 
is important to recognize that modern computational simulations can lend further credence to 
the whole concept of the solution-diffusion and transport mechanisms in polymers.  
For membranes in which transport is best described by the solution-diffusion model and 
Fick’s law, the statistical fluctuations in the free-volume elements of polymer chains due to 
thermal motion can be calculated (Baker, 2004). The most straightforward way of 
computationally studying the motion of individual atoms or molecules is molecular dynamics 
(MD) because time is explicitly present in its formulation (Pangarkar and Pal, 2008). Motion 
patterns of hopping from one binding site to the next have been found in all MD studies of 
the diffusion of small penetrants in amorphous polymers (Mullerplathe, 1994, Lipnizki and 
Tragardh, 2001).  
However, molecular dynamics calculations are at an early stage of development. Current 
estimates of diffusion coefficients from these simulations are generally far from matching 
experimental values, and enormous computing power and a better understanding of the 
interactions between the molecules of polymer chains will be required to produce accurate 
predictions (Mullerplathe, 1994, Lipnizki and Tragardh, 2001, Baker, 2004, Schepers and 
Hofmann, 2006, Vesely, 2008). Nonetheless, the technique demonstrates the qualitative basis 
of the solution-diffusion model in a very graphic way. Currently, the best quantitative 
description of permeation uses phenomenological equations, particularly Fick’s law (Baker, 
2004).  
Reference for Appendix 2  
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Organic Coatings, 51, 55-66. 
HANSEN, C. M. 2007. Solubility Parameters - An Introduction. Hansen Solubility 
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APPENDIX 3 
A3.1 PLOT OF SALT CONCENTRATION VERSUS ELECTROCONDUCTIVITY 
 
 
Figure A3.1: Plot of Salt concentration versus EC  
The equation relating the concentration of salt to EC from the standard calibration curve is 
expressed as  
y = 0.0059x2 + 0.4857x + 0.2646       (A3.1)                     
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A3.2 STANDARD CALIBRATION OF UV-ABSORBANCE FOR HUMIC ACID 
SOLUTION 
 
      
Figure A3.2: Standard calibration of UV-Absorbance for humic acid solution using known 
concentrations obtained from Sigma Aldrich UK and Fisher Scientific UK 
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A3.3 PARTICLE SIZE DISTRIBUTION FOR TOP SOIL AND SILVER SAND 
 
Figure A3.3: Particle size distribution for top soil and silver sand (Constantine Mougros, MSc student 
2011) 
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A3.4 QUALITY ASSURANCE/QUALITY CONTROL 
A3.4.1 Polymer tube sorption control tests 
Three different tubes available in the laboratory cupboard were cut in pieces and immersed in 
deionised water overnight as in the sorption tests. The weights of the tubes were measured 
before immersion and after immersion. There was no change in weight observed for all three 
tubes used. This was a proof that laboratory conditions was not influencing the sorption of the 
studied DuPont polymer tubes but rather, the intrinsic membrane properties of the tube was 
responsible for all experimental results obtained with the tube.   
A3.4.2 Sand control tests  
Control experiments were carried out for sand permeation with water filled polymer 
membrane tubes to determine any effect on electro-conductivity, EC for washed sand. 
Electro-conductivity of the experimental control sand was taken before and after sand 
permeation. This was to ascertain if any dissolved salts in the sand will affect the results for 
contaminant based sand permeation experiments. Results showed the electroconductivity of 
the washed sand was similar for initial and final measurements when the tube was filled with 
only deionised water. This showed the sand did not have an effect on experimental results 
obtained. 
A3.4.3 Initial and final sand electroconductivity for control experiments 
initial  
  
I II II Ave std dev 
Control sand EC (μS) 519 517 520 518.6667 1.527525 
       final 
  
I II II Ave std dev 
Control sand EC (μS) 518 520 519 519 1 
 
A3.4.4 BTEX control tests in air permeation 
Control experiments were carried out with non permeable chemical resistant polyurethane 
tubing leaving a headspace within to determine the effect of volatilisation of BTEX feed 
solution. The tubes were half-filled with individual BTEX solutions. Results showed final 
concentration of the solution decreased from the initial concentration due to the headspace 
left in the non permeable tube.  
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A3.4.5 BTEX solution in non-permeable tube 
Control benzene 
     conc UV (1:5) I II III ave % remaining 
initial 33.939 33.437 33.437 33.60433 
 Final 4.567 4.785 4.725 4.692333 13.96348 
 
Control toluene 
     conc UV (1:5) I II III ave % remaining 
initial 5.368 5.267 5.267 5.300667 
 Final 0.879 0.664 0.51 0.684333 12.91033 
 
Control ethylbenzene 
     conc (1:5) I II III ave % remaining 
initial 11.403 11.293 11.293 11.32967 
 Final 0.502 0.68 0.694 0.625333 5.519433 
 
Control m-xylene 
     conc (1:5) I II III ave % remaining 
initial 10.186 9.462 9.462 9.703333 
 Final 0.737 0.83 0.801 0.789333 8.134662 
 
Control o-xylene 
     conc (1:5) I II III ave % remaining 
initial 10.214 9.992 9.845 10.017 
 Final 0.856 0.943 0.879 0.892667 8.911517 
 
Control p-xylene 
     conc (1:5) I II III ave % remaining 
initial 11.412 10.942 10.925 11.093 
 Final 0.933 1.21 0.98 1.041 9.384296 
 
A3.4.6 Standards preparation for BTEX 
During standards preparation, BTEX samples were handled with particular care in the fume 
cupboard, considering the high volatility of the analytes. Samples were transferred carefully 
avoiding the formation of any gas space in the syringe EPA (1996) method 5000. High 
accuracy was assumed as when microsyringes are used, even very small volumes of a 
solution can be handled easily and with good accuracy. Aqueous working samples were also 
handled very quickly in the fume cupboard.    
 
181 
 
APPENDIX 4 
A4.1 Thermogravimetric analysis TGA  
Thermogravimetric analysis (TGA) has proved to be a highly successful technique for 
determining the thermal stability of polymeric systems. The useful properties of a material 
gradually deteriorate under the influence of temperature. Hence TGA provides an 
understanding of the degradation and mode of decomposition of a polymer membrane under 
the influence of heat. 
Thermogravimetric analysis for the tubular polymer degradation was determined using a 
Rheometric Scientific PL-STA 1500 thermogravimetric analyser TGA, open platinum sample 
pan, and gas flow rate of 50 ml/min. Samples of 8-10 mg were evaluated and underwent 
heating from ambient using a ramp of 10
o
C /min to 600
o
C under nitrogen gas, purge time of 2 
minutes, and then were exposed under air from 600
o
C to 800
o
C.  
The thermal degradation of the tubular membrane was studied to understand the degradation 
and mode of decomposition of the tubular membrane under the influence of heat (Baker, 
2004). It was also used to compare the studied black tubular membrane with the white 
membrane used for thickness experiments. The TGA curves are given in Figure 7.8 for the 
black tubular membrane and Figure 7.9 for the white membrane. A single weight loss step 
was observed in both cases. During this stage weight loss and volatility of degradation 
products took place rapidly. In all the samples remarkable stability was observed up to about 
270
o
C before an initial gradual decrease. There was then a very rapid weight loss from 95% 
to 12% in the temperature range of 354
o
C to 435
o
C meaning about 88% of the material was 
degraded for both black and white membranes at this stage. Beyond 435
o
C the weight loss 
decreased gradually and above 600
o
C no residue remained for both sample types. This 
showed the membrane is a highly stable material up to about 270
o
C for both sample types.   
Thermogravimetric analysis TGA has showed the degradation of the membrane started with 
decomposition at 270
o
C which was completed at 600
o
C. 
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Figure A4.1: TGA curve for black tubular membrane 
 
Figure A4.2: TGA curve for white tubular membrane 
This similarity in both results also confirmed that the white tubular membrane used for 
thickness experiments is exact in composition (morphology) to the studied black membrane 
as seen when TGA results were further combined in Figure 7.10. The only difference being 
the added black pigmentation. (D'Antone et al., 2001, Stawski, 2009) reported that most TGA 
curves display weight losses typically caused by chemical reactions (decomposition and loss 
of water of crystallisation, combustion); and physical transitions (vaporisation, evaporation, 
sublimation, drying). Like materials will therefore show similar results under same operating 
conditions.  
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Figure A4.3: TGA curve for combined black tubular membrane and white tubular membrane 
 
Reference for Appendix 4 
D'ANTONE, S., BIGNOTTI, F., SARTORE, L., D'AMORE, A., SPAGNOLI, G. & PENCO, 
M. 2001. Thermogravimetric investigation of two classes of block copolymers based 
on poly(lactic-glycolic acid) and poly(ε-caprolactone) or poly(ethylene glycol). 
Polymer Degradation and Stability, 74, 119-124. 
STAWSKI, D. 2009. The effect of sample weight in thermogravimetric analysis of low 
viscosity polypropylene in air atmosphere. Polymer Testing, 28, 223-225.  
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APPENDIX 5 
A5.1 AVERAGE WATER UPTAKE  
L = thickness of dry film= 2.3cm 
Surface area of Polymer = 850 cm
2
 
M∞ = Average maximum weight gain  
   
wt gain (g) 
     
time(min) t1/2 t1/2/L I II III IV V VI M∞ 
0 0 0 0 0 0 0 0 0 37.05167 
2 1.414214 0.614875 13.068 13.64 11.627 12.046 11.982 11.875 37.05167 
5 2.236068 0.972203 14.849 13.967 15.008 14.347 15.121 14.822 37.05167 
10 3.162278 1.374903 16.96 17.477 16.471 19.046 18.372 17.906 37.05167 
15 3.872983 1.683906 22.495 25.156 24.061 24.526 26.194 24.849 37.05167 
20 4.472136 1.944407 24.682 26.401 25.954 26.753 27.847 26.738 37.05167 
30 5.477226 2.381402 29.36 28.643 28.714 30.357 30.772 29.694 37.05167 
60 7.745967 3.367812 33.152 35.099 32.719 34.616 35.804 34.829 37.05167 
120 10.95445 4.762805 35.525 37.535 36.052 36.993 37.169 37.497 37.05167 
180 13.41641 5.833221 
   
36.636 37.62 35.96 37.05167 
240 15.49193 6.735623 
   
36.213 37.868 36.988 37.05167 
300 17.32051 7.530656 
   
36.261 37.954 36.94 37.05167 
1440 37.94733 16.49884 
   
36.255 37.872 37.011 37.05167 
 
M(t)/M∞ M(t)/M∞ M(t)/M∞ M(t)/M∞ M(t)/M∞ M(t)/M∞ 
   
I II III IV V VI 
Ave 
Mt/M∞ Std Dev Std Error 
0 0 0 0 0 0 0 0 0 
0.352697 0.368135 0.313805 0.325114 0.323386 0.320498 0.333939 0.021431 0.008749 
0.400765 0.37696 0.405056 0.387216 0.408106 0.400036 0.396356 0.011887 0.004853 
0.457739 0.471693 0.444541 0.514039 0.495848 0.483271 0.477855 0.025357 0.010352 
0.607125 0.678944 0.64939 0.66194 0.706959 0.670658 0.662503 0.033323 0.013604 
0.666151 0.712545 0.700481 0.722046 0.751572 0.721641 0.712406 0.028263 0.011538 
0.792407 0.773056 0.774972 0.819315 0.830516 0.801421 0.798614 0.023259 0.009495 
0.89475 0.947299 0.883064 0.934263 0.966326 0.940012 0.927619 0.03209 0.013101 
0.958796 1.013045 0.97302 0.998417 1.003167 1.012019 0.993077 0.022205 0.009065 
   
0.988781 1.015339 0.970537 0.991552 0.022529 0.013007 
   
0.977365 1.022032 0.998282 0.999226 0.022349 0.012903 
   
0.97866 1.024353 0.996986 1 0.022995 0.013276 
   
0.978498 1.02214 0.998902 0.999847 0.021836 0.012607 
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A5.2 DEIONISED WATER PERMEATION TESTS 
Surface area of pipe = 0.02244m
2
 
A5.2.1 AIR MEDIA 
 
wt of pipe(g) 
Time (day) I II III IV V VI 
0 309.566 298.894 309.871 290.048 311.904 294.653 
1 279.024 269.16 278.732 260.282 282.634 265.019 
2 256.123 244.573 257.011 235.981 257.859 239.102 
3 236.091 226.182 235.916 217.74 237.003 218.445 
4 218.816 210.39 217.923 200.237 218.248 201.474 
5 203.92 195.403 199.564 186.948 
   
perm flux L/(m2.h) 
   I II III IV V VI Ave flux Std Dev Std Error 
         0.05671 0.05521 0.057819 0.05527 0.054349 0.055025 0.05573 0.001282 0.000523 
0.042523 0.045653 0.040332 0.045122 0.046002 0.048123 0.044626 0.002767 0.00113 
0.037195 0.034148 0.039169 0.03387 0.038725 0.038356 0.036911 0.002343 0.000956 
0.032076 0.029323 0.033409 0.0325 0.034824 0.031512 0.032274 0.001853 0.000757 
 
A5.2.2  SAND MEDIA 
 
wt of pipe(g) 
Time day) I II III IV V VI VII VIII 
0 253.13 298.698 277.464 287.925 255.234 310.17 327.614 290.381 
1 248.634 295.03 273.655 283.841 251.01 306.667 323.092 284.516 
2 245.356 290.41 270.559 278.913 248.571 304.472 320.43 281.872 
3 242.432 286.27 267.091 276.087 246.286 302.149 317.911 279.299 
4 240.299 282.99 264.002 273.797 243.989 299.583 315.276 276.61 
 
perm flux L/(m2.h) 
        I II III IV V VI VII VIII Ave Std Dev Std Error 
           0.00835 0.00681 0.00707 0.00758 0.00784 0.00650 0.00839 0.01089 0.00793 0.00129 0.000456 
0.00609 0.00858 0.00575 0.00915 0.00453 0.00408 0.00494 0.00491 0.00600 0.001761 0.000623 
0.00543 0.00769 0.00644 0.00524 0.00424 0.00431 0.00468 0.00478 0.00535 0.001104 0.00039 
0.00396 0.00609 0.00574 0.00425 0.00426 0.00476 0.00489 0.00499 0.00487 0.000693 0.000245 
 
 
186 
 
A5.2.3  SOIL MEDIA 
 
wt of pipe(g) 
Time (day) I II III IV V VI 
0 263.79 317.587 287.227 291.534 327.281 262.768 
1 250.863 303.65 275.587 283.393 318.543 253.556 
2 241.128 293.844 265.262 276.453 310.792 245.973 
3 233.931 286.144 257.102 270.375 304.579 239.964 
4 228.428 278.551 250.17 265.32 298.371 234.592 
 
 
perm flux  L/(m2.h) 
   I II III IV V VI Ave Std Dev Std Error 
         0.024003 0.025878 0.021613 0.015116 0.016225 0.017105 0.01999 0.004465 0.001823 
0.018076 0.018208 0.019171 0.012886 0.014392 0.01408 0.016136 0.002649 0.001082 
0.013363 0.014297 0.015152 0.011286 0.011536 0.011158 0.012799 0.001713 0.000699 
0.010218 0.014099 0.012871 0.009386 0.011527 0.009975 0.011346 0.00184 0.000751 
 
 
A5.3  SORPTION EXPERIMENTS WITH SODIUM CHLORIDE SOLUTION  
 
 
NaCl Solution 30g/l wt gain (g) 
     time(min) I II III IV Ave Std Dev Std Error 
0 0 0 0 0 0 0 0 
15 22.313 25.681 23.951 25.324 24.31725 1.530198 0.765099 
30 28.241 30.194 25.947 29.833 28.55375 1.933896 0.966948 
60 31.353 31.963 28.438 32.931 31.17125 1.934535 0.967267 
120 35.387 33.126 32.884 35.909 34.3265 1.54391 0.771955 
 
NaCl Solution 50g/l wt gain (g) 
     time(min) I II III IV Ave Std Dev Std Error 
0 0 0 0 0 0 0 0 
15 23.157 23.811 22.754 22.945 23.16675 0.45996 0.22998 
30 25.665 27.937 29.237 26.908 27.43675 1.517654 0.758827 
60 30.84 31.9 32.463 29.101 31.076 1.478633 0.739316 
120 33.112 33.744 33.571 31.026 32.86325 1.253528 0.626764 
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NaCl solution 70g/l Wt gain (g) 
     time(min) I II III IV Ave Std Dev Std Error 
0 0 0 0 0 0 0 0 
15 22.076 23.06 22.621 22.58567 22.58567 0.402493 0.201246 
30 22.774 25.539 23.937 24.08333 24.08333 1.133539 0.56677 
60 25.761 29.917 26.835 27.50433 27.50433 1.761456 0.880728 
120 28.863 30.725 28.469 29.35233 29.35233 0.98386 0.49193 
180 29.071 31.512 29.457 30.01333 30.01333 1.07137 0.535685 
 
NaCl Solution 100g/l wt gain (g) 
     time(min) I II III IV Ave Std Dev Std Error 
0 0 0 0 0 0 0 0 
15 21.222 20.62 19.962 20.009 20.45325 0.593708 0.296854 
30 23.236 21.9 22.064 21.966 22.2915 0.633261 0.316631 
60 25.14 25.484 24.533 25.312 25.11725 0.414045 0.207022 
120 28.071 29.217 27.894 28.976 28.5395 0.65465 0.327325 
 
Salt Solution 150g/l wt gain (g) 
     time(min) I II III IV Ave Std Dev Std Error 
0 0 0 0 0 0 0 0 
15 19.07 20.313 19.824 18.936 19.53575 0.649058 0.324529 
30 21.146 21.247 20.245 21.101 20.93475 0.463868 0.231934 
60 23.571 23.547 23.448 23.622 23.547 0.073034 0.036517 
120 24.282 23.917 24.546 24.174 24.22975 0.260554 0.130277 
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A5.4 SORPTION EXPERIMENTS WITH OTHER SALT SOLUTIONS 
 
A5.4.1 SORPTION EXPERIMENTS WITH MAGNESIUM CHLORIDE SOLUTION  
 
 
MgCl2 Solution 
30g/l wt gain (g) 
    time(min) I II III Ave Std Dev Std Error 
0 0 0 0 0 0 0 
15 23.097 23.43 23.975 23.50067 0.443245 0.255908 
30 26.349 28.289 28.177 27.605 1.089168 0.628832 
60 30.616 31.489 31.929 31.34467 0.668294 0.385839 
120 33.389 33.031 32.753 33.05767 0.318837 0.184081 
144 33.543 33.096 32.897 33.17867 0.330839 0.19101 
 MgCl2 Solution 
50g/l wt gain (g) 
    time(min) I II III Ave Std Dev Std Error 
0 0 0 0 0 0 0 
15 22.369 21.998 22.048 22.13833 0.201321 0.116233 
30 25.765 26.518 25.753 26.012 0.43825 0.253024 
60 28.181 28.863 28.315 28.453 0.361336 0.208618 
120 31.735 31.317 29.951 31.001 0.933036 0.538689 
144 31.814 31.336 30.025 31.05833 0.926258 0.534775 
 MgCl2 Solution 
100g/l wt gain (g) 
    time(min) I II III Ave Std Dev Std Error 
0 0 0 0 0 0 0 
15 21 21.115 21.074 21.063 0.058284 0.03365 
30 25 25.032 24.728 24.92 0.167045 0.096443 
60 26.972 27.522 27.774 27.42267 0.410124 0.236785 
120 31.152 30.733 30.008 30.631 0.578781 0.334159 
144 31.24 30.835 30.127 30.734 0.563332 0.32524 
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A5.4.2  SORPTION EXPERIMENTS WITH ALUMINIUM CHLORIDE SOLUTION 
AlCl 3(35 g/L) 
 
Time 
(min) Weight (g) Δ weight (g) 
Ave Δ  
wt (g) Std error 
 
I II III IV I II III IV 
  0 58.592 59.185 58.63 59.158 0 0 0 
 
0 0 
15 82.136 82.335 81.731 82.235 23.265 23.544 23.15 23.077 23.265 0.140215 
30 84.862 84.572 84.784 85.066 25.937 26.27 25.387 25.908 25.937 0.277031 
60 88.123 86.55 87.811 87.253 28.6923 29.531 27.365 28.095 28.6923 0.671313 
120 90.764 90.667 92.095 91.015 32.373 32.172 31.482 31.857 32.373 0.581198 
180 90.898 90.997 92.445 91.773 32.6443 32.306 31.812 32.615 32.6443 0.602455 
 
AlCl 3 (70 g/l) 
Time (min) Weight (g) Δ weight (g) Ave Δ wt (g) 
 
I II III I II III 
 0 59.566 59.538 59.208 0 0 0 0 
15 82.853 80.495 81.837 23.287 20.957 22.629 22.291 
30 84.931 83.523 84.413 25.365 23.985 25.205 24.85167 
60 88.662 87.423 87.96 29.096 27.885 28.752 28.57767 
120 89.61 91.274 90.642 30.044 31.736 31.434 31.07133 
180 92.357 91.327 91.004 32.791 31.789 31.796 32.12533 
 
AlCl 3 (150 g/l) 
Time 
(min) Weight (g) Δ weight (g) 
Ave Δ 
wt (g) 
 I II III IV V I II III IV V 
 0 59.468 59.795 59.119 58.679 58.662 0 0 0 0 0 0 
15 82.47 82.423 81.942 80.849 80.027 23.002 22.628 22.823 22.17 21.365 22.398 
30 84.437 83.158 82.713 82.319 80.587 24.969 23.363 23.594 23.64 21.925 23.498 
60 85.736 86.46 84.707 82.989 83.655 26.268 26.665 25.588 24.31 24.993 25.565 
120 88.962 89.32 87.961 84.97 85.07 29.494 29.525 28.842 26.291 26.408 28.112 
180 89.39 91.478 89.078 87.034 87.675 29.922 31.683 29.959 28.355 29.013 29.786 
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A5.5 TEMPERATURE SORPTION EXPERIMENTS 
 
 
 
 
EXP  No   10 
 
Deionised Water 
     Temp   
30C 
         Replicate 1 
 
2 
 
3 
 
Ave (g) 
  
Time Weight Δ Wt  Wt 
Δ 
Weight  Weight 
Δ 
Weight  ΔWeight  STD DEV 
STD 
ERROR 
0 57.046 0 58.893 0 59.634 0 0 0 0 
15 77.893 20.847 78.684 19.791 80.818 21.184 20.60733 0.726768 0.4196 
30 81.863 24.817 81.763 22.87 84.251 24.617 24.10133 1.071045 0.618368 
60 83.278 26.232 85.33 26.437 87.774 28.14 26.93633 1.047433 0.604736 
120 83.278 26.232 89.494 30.601 88.444 28.81 28.54767 2.196282 1.268024 
180 85.152 28.106 87.859 28.966 89.789 30.155 29.07567 1.028893 0.594032 
 EXP  No   11 
 
Deionised Water 
     Temp   
40C 
         Replicate 1 
 
2 
 
3 
 
Ave (g) 
  
Time Weight Δ Wt  Wt 
Δ 
Weight  Weight 
Δ 
Weight  ΔWeight  STD DEV 
STD 
ERROR 
0 58.8 0 58.217 0 58.606 0 0 0 0 
15 80.47 21.67 78.093 19.876 81.565 22.959 21.50167 1.548378 0.893956 
30 84.15 25.35 82.43 24.213 82.111 23.505 24.356 0.930775 0.537383 
60 86.564 27.764 83.925 25.708 85.836 27.23 26.90067 1.066831 0.615935 
120 84.623 25.823 85.195 26.978 87.294 28.688 27.163 1.441432 0.832211 
180 85.273 26.473 85.465 27.248 87.414 28.808 27.50967 1.189289 0.686636 
 EXP  No   12 
 
Deionised Water 
     Temp  
50C 
         Replicate 1 
 
2 
 
3 
 
Ave (g) 
  
Time Weight Δ Wt  Wt 
Δ 
Weight  Weight 
Δ 
Weight  ΔWeight  STD DEV 
STD 
ERROR 
0 59.652 0 58.61 0 58.684 0 0 0 0 
15 80.72 21.068 79.23 20.62 78.158 19.474 20.38733 0.822076 0.474626 
30 81.209 21.557 80.792 22.182 80.467 21.783 21.84067 0.316465 0.182711 
60 81.39 21.738 81.922 23.312 82.942 24.258 23.10267 1.272975 0.734952 
120 81.465 21.813 81.916 23.306 79.807 21.123 22.08067 1.115843 0.644232 
180 82.324 22.672 82.07 23.46 80.006 21.322 22.48467 1.081241 0.624255 
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EXP  
No   1 
 
35g/l Sodium 
Chloride 
     Temp 30C 
        Replicate 1 
 
2 
 
3 Ave (g) 
  
Time Weight Δ Wt  Wt 
Δ 
Weight  Weight 
Δ 
Weight  ΔWeight  STD DEV 
STD 
ERROR 
0 58.475 0 59.117 0 59.315 0 0 0 0 
15 79.151 20.676 81.664 22.547 81.977 22.662 21.96167 1.114904 0.64369 
30 79.856 21.381 82.792 23.675 81.462 22.147 22.401 1.167902 0.674289 
60 81.121 22.646 87.542 28.425 83.982 24.667 25.246 2.932685 1.693186 
120 82.002 23.527 87.837 28.72 83.8 24.485 25.57733 2.763459 1.595484 
180 82.588 24.113 86.277 27.16 86.973 27.658 26.31033 1.919168 1.108032 
 EXP  
No   2 
 
35g/l Sodium 
Chloride 
     Temp     40C 
        Replicate 1 
 
2 
 
3 Ave (g) 
  
Time Weight Δ Wt  Wt 
Δ 
Weight  Weight 
Δ 
Weight  ΔWeight  STD DEV 
STD 
ERROR 
0 58.475 0 58.989 0 58.796 0 0 0 0 
15 79.151 20.676 79.589 20.6 80.315 21.519 20.93167 0.510063 0.294485 
30 79.856 21.381 81.463 22.474 80.696 21.9 21.91833 0.546731 0.315655 
60 81.121 22.646 81.939 22.95 80.795 21.999 22.53167 0.4857 0.280419 
120 82.002 23.527 83.395 24.406 83.243 24.447 24.12667 0.519731 0.300067 
180 82.588 24.113 84.647 25.658 83.694 24.898 24.88967 0.772534 0.446023 
 EXP  
No   3 
 
35g/l Sodium 
Chloride 
     Temp     50C 
        Replicate 1 
 
2 
 
3 Ave (g) 
  
Time Weight Δ Wt  Wt 
Δ 
Weight  Weight 
Δ 
Weight  ΔWeight  STD DEV 
STD 
ERROR 
0 59.691 0 58.867 0 59.75 0 0 0 0 
15 78.174 18.483 79.597 20.73 77.345 17.595 18.936 1.615847 0.93291 
30 79.809 20.118 80.733 21.866 80.467 20.717 20.90033 0.888304 0.512863 
60 79.599 19.908 81.303 22.436 80.578 20.828 21.05733 1.279508 0.738724 
120 81.376 21.685 80.504 21.637 80.753 21.003 21.44167 0.380654 0.219771 
180 82.102 22.411 80.435 21.568 80.458 20.708 21.56233 0.851514 0.491622 
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EXP  
No   4 
 
70g/l Sodium 
Chloride 
     Temp   
30C 
         Replicate 1 
 
2 
 
3 Ave (g) 
  
Time Weight Δ Wt  Weight 
Δ 
Weight  Weight 
Δ 
Weight  ΔWeight  STD DEV 
STD 
ERROR 
0 59.22 0 58.798 0 59.412 0 0 0 0 
15 79.185 19.965 79.114 20.316 79.639 20.227 20.16933 0.182467 0.105348 
30 80.588 21.368 80.248 21.45 81.189 21.777 21.53167 0.216385 0.12493 
60 82.576 23.356 81.065 22.267 81.786 22.374 22.66567 0.600235 0.346546 
120 85.578 26.358 84.732 25.934 84.438 25.026 25.77267 0.680498 0.392886 
180 84.321 25.101 83.687 24.889 85.221 25.809 25.26633 0.481769 0.278149 
 EXP  
No   5 
 
70g/l Sodium 
Chloride 
     Temp   
40C 
         Replicate 1 
 
2 
 
3 Ave (g) 
  
Time Weight 
Δ 
Weight  Weight 
Δ 
Weight  Weight 
Δ 
Weight  ΔWeight  STD DEV 
STD 
ERROR 
0 59.21 0 58.744 0 59.013 0 0 0 0 
15 77.013 17.803 76.087 17.343 76.043 17.03 17.392 0.388823 0.224487 
30 80.263 21.053 78.099 19.355 77.656 18.643 19.68367 1.23816 0.714852 
60 79.049 19.839 79.178 20.434 78.717 19.704 19.99233 0.388405 0.224246 
120 84.465 25.255 80.403 21.659 79.909 20.896 22.60333 2.327884 1.344005 
180 80.262 21.052 80.123 21.379 81.803 22.79 21.74033 0.923625 0.533255 
 EXP  
No   6 
 
70g/l Sodium 
Chloride 
     Temp   
50C 
         Replicate 1 
 
2 
 
3 Ave (g) 
  
Time Weight 
Δ 
Weight  Weight 
Δ 
Weight  Weight 
Δ 
Weight  ΔWeight  STD DEV 
STD 
ERROR 
0 58.794 0 58.868 0 58.884 0 0 0 0 
15 76.492 17.698 77.006 18.138 74.809 15.925 17.25367 1.171502 0.676367 
30 77.966 19.172 77.457 18.589 76.582 17.698 18.48633 0.742344 0.428592 
60 79.624 20.83 78.826 19.958 76.129 17.245 19.34433 1.869625 1.079428 
120 79.765 20.971 78.794 19.926 77.158 18.274 19.72367 1.359837 0.785102 
180 79.13 20.336 78.554 19.686 77.567 18.683 19.56833 0.832758 0.480793 
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EXP  No   7 
 
150g/l Sodium 
Chloride 
     Temp  
30C 
         Replicate 1 
 
2 
 
3 
 
Ave (g) 
  
Time Weight Δ Wt  Weight 
Δ 
Weight  Weight Δ Wt  ΔWeight  STD DEV 
STD 
ERROR 
0 58.679 0 58.421 0 58.981 0 0 0 0 
15 77.179 18.5 76.86 18.439 76.822 17.841 18.26 0.364144 0.210239 
30 77.794 19.115 75.357 16.936 78.166 19.185 18.412 1.278733 0.738277 
60 77.576 18.897 78.122 19.701 78.613 19.632 19.41 0.445609 0.257272 
120 79.882 21.203 78.974 20.553 79.362 20.381 20.71233 0.433545 0.250307 
180 80.422 21.743 79.164 20.743 79.926 20.945 21.14367 0.528773 0.305287 
 
EXP  No   8 
 
150g/l Sodium 
Chloride 
     Temp   
40C 40C 
        Replicate 1 
 
2 
 
3 
 
Ave (g) 
  
Time Weight Δ Wt  Weight 
Δ 
Weight  Weight Δ Wt  ΔWeight  STD DEV 
STD 
ERROR 
0 58.485 0 58.868 0 58.884 0 0 0 0 
15 76.784 18.299 77.006 18.138 74.809 15.925 17.454 1.326598 0.765911 
30 76.433 17.948 77.457 18.589 76.582 17.698 18.07833 0.459576 0.265336 
60 77.602 19.117 78.826 19.958 76.129 17.245 18.77333 1.388766 0.801805 
120 75.745 17.26 78.794 19.926 77.158 18.274 18.48667 1.345663 0.776919 
180 76.636 18.151 78.554 19.686 77.567 18.683 18.84 0.77945 0.450016 
 
EXP  No   9 
 
150g/l Sodium 
Chloride 
     Temp 
 50C 50C 
        Replicate 1 
 
2 
 
3 
 
Ave (g) 
  
Time Weight Δ Wt  Weight 
Δ 
Weight  Weight Δ Wt  ΔWeight  STD DEV 
STD 
ERROR 
0 59.638 0 59.712 0 58.436 0 0 0 0 
15 76 16.362 74.045 14.333 76.795 18.359 16.35133 2.013021 1.162218 
30 74.485 14.847 75.561 15.849 75.052 16.616 15.77067 0.887098 0.512166 
60 75.383 15.745 76.238 16.526 76.685 18.249 16.84 1.281191 0.739696 
120 76.945 17.307 75.163 15.451 77.716 19.28 17.346 1.914798 1.105509 
180 76.813 17.175 76.273 16.561 77.044 18.608 17.448 1.050452 0.606479 
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A5.6 VAPOUR PRESSURE EQUATION 
Sparrow sodium chloride equations (Sparrow, 2003) 
   
         Vapour pressure 
       PVAP = A + B*T + C*T
2 + D*T3 + ET4 
     
         Where: 
        PVAP = vapour pressure (MPa) 
      T = temperature (degrees C) 
      A - E = empirically derived constants which depend on concentration (X, kg/kg solution) 
 
         A = (0.9083 - (0.569*X) + (.1945*X2) - (3.736*X3) + (2.82*X4))10-3 
   B = (-0.0669 + (0.582*X) - (.1668*X2) + (0.6761*X3) - (2.091*X4))10-3 
   C = (7.541 - (5.143*X) + (6.482*X2) - (52.62*X3) + (115.7*X4))10-6 
   D = (-0.0922 + (0.0649X) - (.1313*X2) + (0.8024*X3) - (1.986*X4))10-6 
   E = (1.237 - (0.753*X) + (.1448*X2) - (6.964*X3) + (14.61*X4))10-9 
   
         
         T X A B C D E PVAP PVAP 
degrees 
C kg/kg 
     
MPa kPa 
0 0 0.000908 
-
0.0000669 0.000007541 
-9.22E-
08 
1.237E-
09 0.000908 0.9083 
0 0.025 0.000894 
-6.554E-
05 7.4157E-06 
-9.06E-
08 
1.218E-
09 0.000894 0.894139 
0 0.05 0.00088 
-6.434E-
05 7.2942E-06 
-8.92E-
08 
1.199E-
09 0.00088 0.879887 
0 0.075 0.000865 
-6.325E-
05 7.1732E-06 
-8.78E-
08 
1.179E-
09 0.000865 0.865232 
0 0.1 0.00085 
-6.228E-
05 7.05047E-06 
-8.64E-
08 
1.158E-
09 0.00085 0.849891 
0 0.125 0.000834 
-6.142E-
05 6.92488E-06 
-8.51E-
08 
1.135E-
09 0.000834 0.833606 
0 0.15 0.000816 -6.07E-05 6.79638E-06 
-8.37E-
08 
1.111E-
09 0.000816 0.816145 
0 0.175 0.000797 
-6.016E-
05 6.66599E-06 
-8.24E-
08 
1.086E-
09 0.000797 0.797304 
0 0.2 0.000777 
-5.987E-
05 6.53584E-06 
-8.12E-
08 1.06E-09 0.000777 0.776904 
0 0.225 0.000755 
-5.991E-
05 6.40913E-06 
-8.02E-
08 
1.033E-
09 0.000755 0.754794 
0 0.25 0.000731 
-6.038E-
05 6.29014E-06 
-7.94E-
08 
1.006E-
09 0.000731 0.730847 
40 0 0.000908 
-
0.0000669 0.000007541 
-9.22E-
08 
1.237E-
09 0.007564 7.56382 
40 0.025 0.000894 -6.554E- 7.4157E-06 -9.06E- 1.218E- 0.007455 7.454714 
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05 08 09 
40 0.05 0.00088 
-6.434E-
05 7.2942E-06 
-8.92E-
08 
1.199E-
09 0.007338 7.33795 
40 0.075 0.000865 
-6.325E-
05 7.1732E-06 
-8.78E-
08 
1.179E-
09 0.007211 7.211168 
40 0.1 0.00085 
-6.228E-
05 7.05047E-06 
-8.64E-
08 
1.158E-
09 0.007072 7.072145 
40 0.125 0.000834 
-6.142E-
05 6.92488E-06 
-8.51E-
08 
1.135E-
09 0.006919 6.918796 
40 0.15 0.000816 -6.07E-05 6.79638E-06 
-8.37E-
08 
1.111E-
09 0.006749 6.749171 
40 0.175 0.000797 
-6.016E-
05 6.66599E-06 
-8.24E-
08 
1.086E-
09 0.006561 6.561458 
40 0.2 0.000777 
-5.987E-
05 6.53584E-06 
-8.12E-
08 1.06E-09 0.006354 6.353982 
40 0.225 0.000755 
-5.991E-
05 6.40913E-06 
-8.02E-
08 
1.033E-
09 0.006125 6.125204 
40 0.25 0.000731 
-6.038E-
05 6.29014E-06 
-7.94E-
08 
1.006E-
09 0.005874 5.873724 
20 0 0.000908 
-
0.0000669 0.000007541 
-9.22E-
08 
1.237E-
09 0.002047 2.04702 
20 0.025 0.000894 
-6.554E-
05 7.4157E-06 
-9.06E-
08 
1.218E-
09 0.002019 2.019353 
20 0.05 0.00088 
-6.434E-
05 7.2942E-06 
-8.92E-
08 
1.199E-
09 0.001989 1.989122 
20 0.075 0.000865 
-6.325E-
05 7.1732E-06 
-8.78E-
08 
1.179E-
09 0.001956 1.955683 
20 0.1 0.00085 
-6.228E-
05 7.05047E-06 
-8.64E-
08 
1.158E-
09 0.001918 1.918329 
20 0.125 0.000834 
-6.142E-
05 6.92488E-06 
-8.51E-
08 
1.135E-
09 0.001876 1.876295 
20 0.15 0.000816 -6.07E-05 6.79638E-06 
-8.37E-
08 
1.111E-
09 0.001829 1.82876 
20 0.175 0.000797 
-6.016E-
05 6.66599E-06 
-8.24E-
08 
1.086E-
09 0.001775 1.774841 
20 0.2 0.000777 
-5.987E-
05 6.53584E-06 
-8.12E-
08 1.06E-09 0.001714 1.713598 
20 0.225 0.000755 
-5.991E-
05 6.40913E-06 
-8.02E-
08 
1.033E-
09 0.001644 1.644031 
20 0.25 0.000731 
-6.038E-
05 6.29014E-06 
-7.94E-
08 
1.006E-
09 0.001565 1.565082 
25 0 0.000908 
-
0.0000669 0.000007541 
-9.22E-
08 
1.237E-
09 0.002992 2.991503 
25 0.035104 0.000888 
-6.504E-
05 7.36635E-06 
-9.01E-
08 1.21E-09 0.002932 2.932243 
25 0.070207 0.000868 
-6.345E-
05 7.19648E-06 
-8.81E-
08 
1.183E-
09 0.002866 2.865631 
25 0.030089 0.000891 
-6.528E-
05 7.39078E-06 
-9.03E-
08 
1.214E-
09 0.002941 2.941097 
25 0.050148 0.00088 -6.433E- 7.29349E-06 -8.92E- 1.199E- 0.002905 2.904751 
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05 08 09 
25 0.100296 0.00085 
-6.227E-
05 7.049E-06 
-8.64E-
08 
1.157E-
09 0.002801 2.800634 
25 0.150444 0.000816 
-6.069E-
05 6.79407E-06 
-8.37E-
08 
1.111E-
09 0.002671 2.671095 
 
 
 
 
Figure A5.1: Plot of Vapour pressure versus sodium chloride concentration in kg/kg 
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A5.7 SOLUBILITY EQUATION 
Sparrow sodium chloride equations (Sparrow, 2003) 
 
       Solubility 
      XSAT = 0.2628 + 62.75*10
-6*T + 1.084*10-6*T2 
   
       Where: 
      XSAT = solubility (sodium chloride mass fraction) (kg solute/kg solution) 
T = temperature (degrees C) 
    
       
       Temperature XSAT 
     degrees C kg/kg 
     0 0.2628 
     1 0.2629 
     2 0.2629 
     3 0.2630 
     4 0.2631 
     5 0.2631 
     6 0.2632 
     7 0.2633 
     8 0.2634 
     9 0.2635 
     10 0.2635 
     11 0.2636 
     12 0.2637 
     13 0.2638 
     14 0.2639 
     15 0.2640 
     16 0.2641 
     17 0.2642 
     18 0.2643 
     19 0.2644 
     20 0.2645 
     21 0.2646 
     22 0.2647 
     23 0.2648 
     24 0.2649 
     25 0.2650 
     26 0.2652 
     27 0.2653 
     28 0.2654 
     29 0.2655 
     30 0.2657 
     
198 
 
31 0.2658 
     32 0.2659 
     33 0.2661 
     34 0.2662 
     35 0.2663 
     36 0.2665 
     37 0.2666 
     38 0.2667 
     39 0.2669 
     40 0.2670 
     41 0.2672 
     42 0.2673 
     43 0.2675 
     44 0.2677 
     45 0.2678 
     46 0.2680 
     47 0.2681 
     48 0.2683 
     49 0.2685 
     50 0.2686 
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A5.8 AIR PERMEATION WITH DIFFERENT TUBE THICKNESS (SODIUM 
CHLORIDE 35 g/L)  
A5.8.1 SET I air = 90 G/M White PMP 
SET I = 90 G/M 
White PMP NaCl 35g/l 0.102 m2 per m of tube length as the surface area 
length= 12.8cm = 
0.128m initial EC= 45.3mS surface area= 0.013056m2 
 
  
perm flux  L/(m2.h) 
 
Std Dev Std Error 
Time (hr) 
actual daily 
hours I II III 
Ave flux 
L/(m2.h) 
  0 
     
 
 22 22 0.033764 0.032977 0.034439 0.033727 0.000732 0.000422518 
52 30 0.02959 0.029465 0.028087 0.029048 0.000834 0.000481765 
144 24 0.017192 0.017952 0.018494 0.017879 0.000654 0.000377615 
170 26 0.017434 0.017999 0.018895 0.018109 0.000737 0.00042537 
        total flux 
 
55.263 54.957 55.511 55.24367 0.277506 
  
 
I II III Average Std Dev 
initial PMP wt (g) 88.54 91.904 75.284 85.24267 
 final PMP wt (g) 96.88 99.864 84.33 93.69133 
 Δ PMP wt (g) 8.34 7.96 9.046 8.448667 0.551094668 
 initial vol (ml) 127 124 140 130.3333 
 final vol (ml) 65 64 78 69 
 Δ vol (ml) 62 60 62 61.33333 1.154700538 
 initial EC (mS) 45.3 45.3 45.3 45.3 8.70234E-15 
final EC (mS) 68.8 68.9 67.9 68.53333 0.550757055 
ini conc NaCl g/l from cal 34.37414 34.37414 34.37414 34.37414 0 
fin conc NaCl g/l from cal 61.60806 61.73787 60.44505 61.26366 0.71190124 
 after desorp EC (μS) 133.8 135.9 132.5 134.0667 1.715614564 
after desorp EC (mS) 0.1338 0.1359 0.1325 0.134067 0.001715615 
conc NaCl g/l from cal 0.329692 0.330716 0.329059 0.329822 0.000835992 
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Enrichment factor 
 
initial final Δ 
NaCl (g/l) 34.37414 61.26366 
 vol of water (ml) 130.3333 69 61.33333 
NaCl mass (g) 4.480096 4.227192 0.252904 
conc of NaCl in water flux (g/l) 
 
4.123434 
EF 0.119957 
 NaCl in pipe wall 
(g/l) 0 0.329822 
 NaCl mass in pipe wall (g) 0.329822 
  
A5.8.2 SET II air = 70 G/M White PMP 
SET II = 70 G/M NaCl 35g/l length= 13.2cm = 0.132m surface area= 0.013464m2 
initial EC= 45.3mS 
 
 
perm flux  L/(m2.h) 
 
Std Dev Std Error 
Time (hr) I II III 
Ave perm flux 
L/(m2.h) 
  0 
    
 
 22 0.040046184 0.038767 0.03874 0.039184 0.000747 0.000431074 
52 0.031020994 0.031595 0.030486 0.031034 0.000555 0.000320246 
144 0.021978362 0.020131 0.019673 0.020594 0.001221 0.00070469 
170 0.021590338 0.020348 0.019714 0.020551 0.000955 0.000551195 
       total flux 63.049 59.337 58.255 60.21367 0.004472 2.514362212 
 
 
I II III Average Std Dev 
initial PMP wt (g) 79.834 73.607 80.878 78.10633 
 final PMP wt (g) 88.283 82.316 90.284 86.961 
 Δ PMP wt (g) 8.449 8.709 9.406 8.854667 0.49485 
 initial vol (ml) 145 140 154 146.3333 
 final vol (ml) 76 73 84 77.66667 
 Δ vol (ml) 69 67 70 68.66667 1.527525 
 initial EC (mS) 45.3 45.3 45.3 45.3 8.7E-15 
final EC (mS) 66.4 69.6 66.2 67.4 1.907878 
ini conc NaCl g/l from cal 34.37414 34.37414 34.37414 34.37414 0 
fin conc NaCl g/l from cal 58.52794 62.64986 58.27434 59.81738 2.456277 
 after desorp EC (μS) 115.6 118.8 108.2 114.2 5.436911 
after desorp EC (mS) 0.1156 0.1188 0.1082 0.1142 0.005437 
201 
 
conc NaCl g/l from cal 0.320826 0.322384 0.317222 0.320144 0.002648 
 
Enrichment factor 
 
initial final Δ 
NaCl (g/l) 34.37414 59.81738 
 vol of water (ml) 146.3333 77.66667 68.66667 
NaCl mass (g) 5.030083 4.645817 0.384266 
conc of NaCl in water flux (g/l) 
 
5.596107 
EF 0.1628 
 NaCl in pipe wall (g/l) 0 0.320144 
 NaCl mass in pipe wall (g) 0.320144 
  
 
A5.8.3 SET III air = 56 G/M White PMP 
SET III = 56 G/M NaCl 35g/l length= 13.5cm = 0.135m surface area= 0.01377m2 
initial EC= 45.3mS 
 
 
perm flux L/(m2.h) 
 
Std Dev Std Error 
Time (hr) I II III 
Ave perm flux 
L/(m2.h) 
  0 
    
 
 22 0.039807 0.044973 0.047686 0.044155 0.004003 0.002311039 
52 0.031583 0.032716 0.034708 0.033003 0.001582 0.000913452 
144 0.01827 0.018031 0.016773 0.017691 0.000805 0.000464586 
170 0.0197 0.019035 0.010041 0.016259 0.005395 0.003114682 
       total flux 61.034 62.789 66.821 63.548 0.004615 2.967221428 
 
 
I II III Average Std Dev 
initial PMP wt (g) 70.97 73.766 77.831 74.189 
 final PMP wt (g) 79.047 82.67 86.581 82.766 
 Δ PMP wt (g) 8.077 8.904 8.75 8.577 0.439806 
 initial vol (ml) 144 148 153 148.3333 
 final vol (ml) 78 80 80 79.33333 
 Δ vol (ml) 66 68 73 69 3.605551 
 initial EC (mS) 45.3 45.3 45.3 45.3 8.7E-15 
final EC (mS) 67.5 68.2 69 68.23333 0.750555 
ini conc NaCl g/l from cal 34.37414 34.37414 34.37414 34.37414 0 
fin conc NaCl g/l from cal 59.93123 60.83166 61.8678 60.87689 0.96908 
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 after desorp EC (μS) 90.1 94 93.3 92.46667 2.079263 
after desorp EC (mS) 0.0901 0.094 0.0933 0.092467 0.002079 
conc NaCl g/l from cal 0.308409 0.310308 0.309967 0.309562 0.001012 
 
Enrichment factor 
 
initial final Δ 
NaCl (g/l) 34.37414 60.87689 
 vol of water (ml) 148.3333 79.33333 69 
NaCl mass (g) 5.098831 4.829567 0.269264 
conc of NaCl in water flux (g/l) 
 
3.902377 
EF 0.113527 
 NaCl in pipe wall (g/l) 0 0.309562 
 NaCl mass in pipe wall 0.309562 
  
A5.9 AIR PERMEATION WITH DIFFERENT TUBE THICKNESS (SODIUM 
CHLORIDE 70 g/L)  
A5.9.1 SET I air = 90 G/M White PMP 
SET I = 90 G/M White PMP NaCl 70g/l length= 12.8cm = 0.128m surface area= 0.013056m2 
initial EC= 75.3mS 
 
  
perm flux (L/m2.h) 
 
Std Dev Std Error 
Time (hr) 
actual daily 
hours I II III 
Ave flux 
(L/m2.h) 
  0 
       24 24 0.022729 0.021334 0.021922 0.021995 0.0007 0.000404265 
48 24 0.021698 0.020134 0.020575 0.020802 0.000806 0.000465553 
72 24 0.022365 0.020326 0.021219 0.021304 0.001022 0.000590191 
168 24 0.01745 0.012035 0.013094 0.014193 0.00287 0.001657139 
        total flux 
 
41.345 36.887 39.014 39.082 
 
2.229777792 
 
 
I II III Average Std Dev 
initial PMP wt (g) 91.433 90.493 91.874 91.26667 
 final PMP wt (g) 99.186 98.936 99.48 99.20067 
 Δ PMP wt (g) 7.753 8.443 7.606 7.934 0.446893 
 initial vol (ml) 129 126 125 126.6667 
 final vol (ml) 84 84 82 83.33333 
 Δ vol (ml) 45 42 43 43.33333 1.527525 
 
203 
 
initial EC (mS) 75.3 75.3 75.3 75.3 0 
final EC (mS) 92.9 94.1 93.7 93.56667 0.61101 
ini conc NaCl g/l from cal 70.29134 70.29134 70.29134 70.29134 0 
fin conc NaCl g/l from cal 96.30555 98.21235 97.57486 97.36425 0.97069 
 after desorp EC (μS) 151.1 145.9 145.2 147.4 3.223352 
after desorp EC (mS) 0.1511 0.1459 0.1452 0.1474 0.003223 
conc NaCl g/l from cal 0.338124 0.335589 0.335248 0.33632 0.001571 
 
Enrichment factor 
 
initial final Δ 
NaCl (g/l) 70.29134 97.36425 
 vol of water (ml) 126.6667 83.33333 43.33333 
NaCl mass (g) 8.90357 8.113688 0.789882 
conc of NaCl in water flux (g/l) 
 
18.22805 
EF 0.259321 
 NaCl in pipe wall (g/l) 0 0.33632 
 NaCl mass in pipe wall (g) 0.33632 
  
A5.9.2 SET II air = 70 G/M White PMP 
SET II = 70 G/M NaCl 70g/l length= 13.2cm = 0.132m surface area= 0.013464m2 
initial EC= 75.3mS 
 
 
perm flux  L(m-2.h) 
 
Std Dev Std Error 
Time (hr) I II III 
Ave flux 
L(m-2.h) 
  0 
      24 0.028217221 0.028245 0.030281 0.028915 0.001184 0.000683 
48 0.023615444 0.023792 0.023724 0.02371 8.9E-05 5.14E-05 
72 0.020400079 0.020669 0.019354 0.020141 0.000695 0.000401 
168 0.010701377 0.010636 0.010042 0.01046 0.000363 0.00021 
       total flux 39.355 39.597 38.522 39.158 
 
0.563926 
 
 
 
I II III Average Std Dev 
initial PMP wt (g) 80.576 82.217 90.495 84.42933 
 final PMP wt (g) 88.217 89.936 97.701 91.95133 
 Δ PMP wt (g) 7.641 7.719 7.206 7.522 0.276429 
 
204 
 
initial vol (ml) 119 120 136 125 
 final vol (ml) 76 77 94 82.33333 
 Δ vol (ml) 43 43 42 42.66667 0.57735 
 initial EC (mS) 75.3 75.3 75.3 75.3 0 
final EC (mS) 96.7 94.8 93.8 95.1 1.473092 
ini conc NaCl g/l from cal 70.29134 70.29134 70.29134 70.29134 0 
fin conc NaCl g/l from cal 102.402 99.3325 97.73406 99.82286 2.372313 
 after desorp EC (μS) 124.4 123.9 127.2 125.1667 1.778576 
after desorp EC (mS) 0.1244 0.1239 0.1272 0.125167 0.001779 
conc NaCl g/l from cal 0.325112 0.324869 0.326477 0.325486 0.000866 
 
 
Enrichment factor 
 
initial final Δ 
NaCl (g/l) 70.29134 99.82286 
 vol of water (ml) 125 82.33333 42.66667 
NaCl mass (g) 8.786418 8.218749 0.567668 
conc of NaCl in water flux (g/l) 
 
13.30473 
EF 0.18928 
 NaCl in pipe wall (g/l) 0 0.325486 
 NaCl mass in pipe wall (g) 0.325486 
  
 
A5.9.3 SET III air = 56 G/M White PMP 
SET III = 56 G/M NaCl 70g/l length= 13.5cm = 0.135m surface area= 0.01377m2 
initial EC= 75.3mS 
 
 
perm flux  L(m-2.h) 
 
Std Dev Std Error 
Time (hr) I II III 
Ave flux 
L(m-2.h) 
  0 
      24 0.031366 0.033624 0.033473 0.032821 0.001262 0.000729 
48 0.026401 0.025929 0.026528 0.026286 0.000316 0.000182 
72 0.020588 0.020159 0.020159 0.020302 0.000248 0.000143 
168 0.011508 0.011592 0.012288 0.011796 0.000428 0.000247 
       total flux 42.725 42.716 44.347 43.26267 
 
0.939071 
 
205 
 
 
I II III Average Std Dev 
initial PMP wt (g) 88.759 89.549 85.14 87.816 
 final PMP wt (g) 95.546 97.561 93.091 95.39933 
 Δ PMP wt (g) 6.787 8.012 7.951 7.583333 0.690319 
 initial vol (ml) 137 144 133 138 
 final vol (ml) 91 97 85 91 
 Δ vol (ml) 46 47 48 47 1 
 initial EC (mS) 75.3 75.3 75.3 75.3 0 
final EC (mS) 95.4 94.7 98.1 96.06667 1.795364 
ini conc NaCl g/l from cal 70.29134 70.29134 70.29134 70.29134 0 
fin conc NaCl g/l from cal 100.2972 99.17212 104.6911 101.3868 2.916348 
 after desorp EC (μS) 115.9 114.1 114 114.6667 1.069268 
after desorp EC (mS) 0.1159 0.1141 0.114 0.114667 0.001069 
conc NaCl g/l from cal 0.320972 0.320095 0.320046 0.320371 0.000521 
 
Enrichment factor 
 
initial final Δ 
NaCl (g/l) 70.29134 101.3868 
 vol of water (ml) 138 91 47 
NaCl mass (g) 9.700205 9.226199 0.474006 
conc of NaCl in water flux (g/l) 
 
10.08523 
EF 0.143478 
 NaCl in pipe wall (g/l) 0 0.320371 
 NaCl mass in pipe wall (g) 0.320371 
  
 
A5.10 SAND PERMEATION WITH DIFFERENT TUBE THICKNESS (SODIUM 
CHLORIDE 35 g/L)  
A4.10.1 SET I sand = 90 G/M White PMP 
SET I = 90 G/M 
White PMP NaCl 35g/l length= 12.8cm = 0.128m surface area= 0.013056m2 
initial EC of solution= 45.3mS EC of reference/control sand = 520μS 
 
 
 
 
206 
 
  
Δ weight g 
 
perm flux 
L(m-2.h) Std Dev 
Time (hr) 
actual daily 
hours I II III 
Ave Δ wt 
g 
  0 
       28 28 4.07 4.582 3.888 4.18 0.000274 0.359839 
120 24 2.082 2.137 2.669 2.296 0.000176 0.324196 
144 24 1.924 2.029 2.139 2.030667 0.000156 0.10751 
170 26 1.922 1.878 2.022 1.940667 0.000137 0.073793 
        total flux 
 
15.538 15.724 16.325 15.86233 0.001215 0.411332 
 
 
I II III Average Std Dev 
initial PMP wt (g) 180.846 171.334 185.003 179.061 
 final PMP wt (g) 193.592 184.191 197.364 191.7157 
 Δ PMP wt (g) 12.746 12.857 12.361 12.65467 0.260308 
 initial vol (ml) 86 87 86 86.33333 
 final vol (ml) 56 55 55 55.33333 
 Δ vol (ml) 30 32 31 31 1 
 initial EC (mS) 45.3 45.3 45.3 45.3 8.7E-15 
final EC (mS) 53.4 55.2 52.5 53.7 1.374773 
ini conc NaCl g/l from cal 34.37414 34.37414 34.37414 34.37414 0 
fin conc NaCl g/l from cal 43.02518 45.05278 42.02573 43.3679 1.542351 
 after desorp EC (μS) 131.5 129.9 132.6 131.3333 1.357694 
after desorp EC (mS) 0.1315 0.1299 0.1326 0.131333 0.001358 
conc NaCl g/l from cal 0.328572 0.327792 0.329108 0.32849 0.000662 
 Control sand EC (μS) 520 520 520 520 0 
Control sand EC (mS) 0.52 0.52 0.52 0.52 0 
concn from calibration  0.518759 0.518759 0.518759 0.518759 0 
Washed sand EC (μS) 721 635 632 633.5 50.54041 
Washed sand EC (mS) 0.721 0.635 0.632 0.6335 0.05054 
concn from calibration 0.617857 0.575399 0.573919 0.574659 0.024951 
conc NaCl in washed sand g/l 0.099097 0.056639 0.05516 0.055899 0.024951 
 
Enrichment factor 
 
initial final Δ 
NaCl (g/l) 34.37414 43.3679 
 vol of water (ml) 86.33333 55.33333 31 
NaCl mass (g) 2.967634 2.39969 0.567944 
conc of NaCl in water flux (g/l) 
 
18.32077 
207 
 
EF (pipe + sand) 0.532981 
conc NaCl in washed sand g/l 0.055899 
EF(sand only) 0.001626 
 
 
A5.10.2 SET II sand = 70 G/M White PMP 
SET II = 70 G/M NaCl 35g/l length= 13.2cm = 0.132m surface area= 0.013464m2 
initial EC= 45.3mS EC of reference/control sand = 520μS 
 
 
Δ weight g 
   
perm flux 
L(m-2.h) Std Dev 
Time (hr) I II III 
Ave Δ wt 
g 
  0 
      28 4.451 9.662 4.122 4.2865 0.000273 3.107903 
120 2.024 1.781 2.516 2.107 0.000156 0.374464 
144 2.191 1.783 2.128 2.034 0.000151 0.219643 
170 1.69 1.886 1.664 1.746667 0.00012 0.121364 
       total flux 17.811 22.391 17.612 17.7115 0.001315 2.703542 
 
 
I II III Average Std Dev 
initial PMP wt (g) 160.224 157.43 161.582 159.7453 
 final PMP wt (g) 173.139 167.101 173.218 171.1527 
 Δ PMP wt (g) 12.915 9.671 11.636 11.40733 1.634044 
 initial vol (ml) 81 83 82 82 
 final vol (ml) 52 53 53 52.66667 
 Δ vol (ml) 29 30 29 29.33333 0.57735 
 initial EC (mS) 45.3 45.3 45.3 45.3 8.7E-15 
final EC (mS) 52.6 53.9 54.2 53.56667 0.85049 
ini conc NaCl g/l from cal 34.37414 34.37414 34.37414 34.37414 0 
fin conc NaCl g/l from cal 42.1363 43.58457 43.92162 43.21416 0.948544 
 after desorp EC (μS) 107.7 110.7 109.3 109.2333 1.501111 
after desorp EC (mS) 0.1077 0.1107 0.1093 0.109233 0.001501 
conc NaCl g/l from cal 0.316978 0.318439 0.317757 0.317725 0.000731 
 Control sand EC (μS) 520 520 520 520 0 
Control sand EC (mS) 0.52 0.52 0.52 0.52 0 
concn from calibration  0.518759 0.518759 0.518759 0.518759 0 
208 
 
Washed sand EC (μS) 631 634 639 634.6667 4.041452 
Washed sand EC (mS) 0.631 0.634 0.639 0.634667 0.004041 
concn from calibration  0.573426 0.574905 0.577371 0.575234 0.001993 
conc NaCl in washed sand g/l 0.054666 0.056146 0.058612 0.056475 0.001993 
 
 
Enrichment factor 
 
initial final Δ 
NaCl (g/l) 34.37414 43.21416 
 vol of water (ml) 82 52.66667 29.33333 
NaCl mass (g) 2.81868 2.275946 0.542734 
conc of NaCl in water flux (g/l) 18.50228 
EF (pipe + sand) 0.538262 
conc NaCl in washed sand g/l 0.056475 
EF(sand only) 0.001643 
 
A5.10.3 SET III sand = 56 G/M White PMP 
SET III = 56 G/M NaCl 35g/l length= 13.5cm = 0.135m surface area= 0.01377m2 
initial EC= 45.3mS EC of reference/control sand = 520μS 
 
 
Δ weight g 
 
perm flux L(m-2.h) Std Dev 
Time (hr) I II III Ave Δ wt g 
  0 
      28 4.779 4.428 4.739 4.648667 0.000289 0.192147 
120 2.426 2.227 2.284 2.312333 0.000168 0.102481 
144 2.374 2.342 2.179 2.298333 0.000167 0.104577 
170 2.392 2.407 2.169 2.322667 0.000156 0.13329 
       total flux 19.197 18.254 17.925 18.45867 0.00134 0.660237 
 
 
I II III Average Std Dev 
initial PMP wt (g) 128.585 156.321 161.722 148.876 
 final PMP wt (g) 139.585 167.039 171.813 159.479 
 Δ PMP wt (g) 11 10.718 10.091 10.603 0.465284 
 initial vol (ml) 92 81 83 85.33333 
 final vol (ml) 60 48 53 53.66667 
 Δ vol (ml) 32 33 30 31.66667 1.527525 
 initial EC (mS) 45.3 45.3 45.3 45.3 8.7E-15 
final EC (mS) 54.3 55.8 56.1 55.4 0.964365 
209 
 
ini conc NaCl g/l from cal 34.37414 34.37414 34.37414 34.37414 0 
fin conc NaCl g/l from cal 44.0342 45.73714 46.08091 45.28408 1.095991 
 after desorp EC (μS) 86.9 85.2 89.5 87.2 2.165641 
after desorp EC (mS) 0.0869 0.0852 0.0895 0.0872 0.002166 
conc NaCl g/l from calibration 0.306852 0.306024 0.308117 0.306998 0.001054 
 Control sand EC (μS) 520 520 520 520 0 
Control sand EC (mS) 0.52 0.52 0.52 0.52 0 
concn from calibration  0.518759 0.518759 0.518759 0.518759 0 
Washed sand EC (μS) 634 630 638 634 4 
Washed sand EC (mS) 0.634 0.63 0.638 0.634 0.004 
concn from calibration  0.574905 0.572933 0.576878 0.574905 0.001973 
conc NaCl in washed sand g/l 0.056146 0.054173 0.058119 0.056146 0.001973 
 
Enrichment factor 
 
initial final Δ 
NaCl (g/l) 34.37414 45.28408 
 vol of water (ml) 85.33333 53.66667 31.66667 
NaCl mass (g) 2.93326 2.430246 0.503014 
conc of NaCl in water flux (g/l) 15.88466 
EF (pipe + sand) 0.462111 
conc NaCl in washed sand g/l 0.056146 
EF(sand only) 0.001633 
 
A5.11 SAND PERMEATION WITH DIFFERENT TUBE THICKNESS (SODIUM 
CHLORIDE 70 g/L)  
A4.11.1 SET I sand = 90 G/M White PMP 
SET I = 90 G/M NaCl 70g/l length= 12.8cm = 0.128m surface area= 0.013056m2 
initial EC of solution= 75.3mS EC of reference/control sand = 517μS 
 
  
Δ weight g 
 
perm flux 
L(m-2.h) Std Dev 
Time (hr) 
actual daily 
hours I II III Ave  Δ wt g 
  0 
       28 24 1.822 1.844 1.93 1.865333 0.000143 0.057073 
120 24 3.857 1.753 1.719 1.736 0.000133 1.224678 
144 24 1.715 1.681 1.672 1.689333 0.000129 0.022679 
170 24 1.518 1.508 1.599 1.541667 0.000118 0.049903 
        total flux 
 
13.343 11.404 10.805 11.1045 0.000851 1.326648 
210 
 
 
 
I II III Average Std Dev 
initial PMP wt (g) 175.228 169.332 167.718 170.7593 
 final PMP wt (g) 183.921 178.133 176.105 179.3863 
 Δ PMP wt (g) 8.693 8.801 8.387 8.627 0.214746 
 initial vol (ml) 84 85 87 85.33333 
 final vol (ml) 66 66 69 67 
 Δ vol (ml) 18 19 18 18.33333 0.57735 
 initial EC (mS) 75.3 75.3 75.3 75.3 0 
final EC (mS) 86.6 82.9 82.2 83.9 2.364318 
ini conc NaCl g/l from calibration 70.29134 70.29134 70.29134 70.29134 0 
fin conc NaCl g/l from calibration 86.57362 81.07635 80.0545 82.56816 3.506262 
 after desorp EC (μS) 164.4 166.5 167.2 166.0333 1.457166 
after desorp EC (mS) 0.1644 0.1665 0.1672 0.166033 0.001457 
conc NaCl g/l from calibration 0.344609 0.345633 0.345974 0.345405 0.000711 
 Control sand EC (μS) 517 517 517 517 0 
Control sand EC (mS) 0.517 0.517 0.517 0.517 0 
concn from calibration  0.517284 0.517284 0.517284 0.517284 0 
Washed sand EC (μS) 653 659 644 652 7.549834 
Washed sand EC (mS) 0.653 0.659 0.644 0.652 0.00755 
concn from calibration  0.584278 0.587239 0.579838 0.583785 0.003725 
conc NaCl in washed sand g/l 0.066994 0.069955 0.062554 0.066501 0.003725 
 
Enrichment factor 
 
initial final Δ 
NaCl (g/l) 70.29134 82.56816 
 vol of water (ml) 85.33333 67 18.33333 
NaCl mass (g) 5.998194 5.532066 0.466128 
conc of NaCl in water flux (g/l) 25.42516 
EF (pipe + sand) 0.361711 
conc NaCl in washed sand g/l 0.066501 
EF(sand only) 0.000946 
 
A5.11.2 SET II sand = 70 G/M White PMP 
SET II = 70 G/M NaCl 70g/l length= 13.2cm = 0.132m surface area= 0.013464m2 
initial EC= 75.3mS EC of reference/control sand = 517μS 
 
 
211 
 
 
Δ weight g 
 
perm flux L(m-2.h) Std Dev 
Time (hr) I II III Ave  Δ wt g 
  0 
      28 1.835 2.113 2.219 2.055667 0.000153 0.198316 
120 1.597 1.808 1.919 1.774667 0.000132 0.163568 
144 1.592 1.758 1.821 1.723667 0.000128 0.118298 
170 1.547 1.589 1.533 1.556333 0.000116 0.029143 
       total flux 10.686 11.403 11.893 11.32733 0.000841 0.607047 
 
 
 
I II III Average Std Dev 
initial PMP wt (g) 170.168 164.523 166.234 166.975 
 final PMP wt (g) 179.203 171.231 173.01 174.4813 
 Δ PMP wt (g) 9.035 6.708 6.776 7.506333 1.324301 
 initial vol (ml) 82 85 84 83.66667 1.527525 
final vol (ml) 67 68 67 67.33333 0.57735 
Δ vol (ml) 15 17 17 16.33333 1.154701 
 initial EC (mS) 75.3 75.3 75.3 75.3 0 
final EC (mS) 83.8 85.2 84.6 84.53333 0.702377 
ini conc NaCl g/l from calibration 70.29134 70.29134 70.29134 70.29134 0 
fin conc NaCl g/l from calibration 82.39866 84.47458 83.58206 83.4851 1.041351 
 after desorp EC (μS) 138.3 132.7 135.8 135.6 2.805352 
after desorp EC (mS) 0.1383 0.1327 0.1358 0.1356 0.002805 
conc NaCl g/l from calibration 0.331885 0.329156 0.330667 0.330569 0.001367 
 Control sand EC (μS) 517 517 517 517 0 
Control sand EC (mS) 0.517 0.517 0.517 0.517 0 
concn from cal  0.517284 0.517284 0.517284 0.517284 0 
Washed sand EC (μS) 674 657 659 663.3333 9.291573 
Washed sand EC (mS) 0.674 0.657 0.659 0.663333 0.009292 
concn from cal  0.594642 0.586252 0.587239 0.589377 0.004586 
conc NaCl in washed sand g/l 0.077358 0.068968 0.069955 0.072094 0.004586 
 
 
Enrichment factor 
 
initial final Δ 
NaCl (g/l) 70.29134 83.4851 
 vol of water (ml) 83.66667 67.33333 16.33333 
212 
 
NaCl mass (g) 5.881042 5.62133 0.259712 
conc of NaCl in water flux (g/l) 15.90075 
EF (pipe + sand) 0.226212 
conc NaCl in washed sand g/l 0.072094 
EF(sand only) 0.001026 
 
A5.11.3 SET III sand = 56 G/M White PMP 
SET III = 56 G/M NaCl 70g/l length= 13.5cm = 0.135m surface area= 0.01377m2 
initial EC= 75.3mS EC of reference/control sand = 517μS 
 
 
Δ weight g 
 
perm flux L(m-2.h) Std Dev 
Time (hr) I II III Ave Δ wt g 
  0 
      28 2.048 2.098 2.134 2.093333 0.000152 0.04319 
120 1.942 1.512 1.692 1.715333 0.000125 0.215948 
144 1.409 1.388 1.424 1.407 0.000102 0.018083 
170 1.357 1.415 1.405 1.392333 0.000101 0.031005 
       total flux 10.158 9.414 9.755 9.775667 0.00071 0.37243 
 
 
I II III Average Std Dev 
initial PMP wt (g) 149.551 165.14 169.111 161.2673 
 final PMP wt (g) 158.434 173.634 176.348 169.472 
 Δ PMP wt (g) 8.883 8.494 7.237 8.204667 0.860299 
 initial vol (ml) 92 90 85 89 3.605551 
final vol (ml) 75 76 69 73.33333 3.785939 
Δ vol (ml) 17 14 16 15.66667 1.527525 
 initial EC (mS) 75.3 75.3 75.3 75.3 0 
final EC (mS) 82.1 83.5 82.9 82.83333 0.702377 
ini conc NaCl g/l from calibration 70.29134 70.29134 70.29134 70.29134 0 
fin conc NaCl g/l from calibration 79.90899 81.95683 81.07635 80.98072 1.027262 
 after desorp EC (μS) 120.3 118.9 119.2 119.4667 0.737111 
after desorp EC (mS) 0.1203 0.1189 0.1192 0.119467 0.000737 
conc NaCl g/l from calibration 0.323115 0.322433 0.322579 0.322709 0.000359 
 Control sand EC (μS) 517 517 517 517 0 
Control sand EC (mS) 0.517 0.517 0.517 0.517 0 
concn from cal  0.517284 0.517284 0.517284 0.517284 0 
Washed sand EC (μS) 655 642 648 648.3333 6.506407 
213 
 
Washed sand EC (mS) 0.655 0.642 0.648 0.648333 0.006506 
concn from cal  0.585265 0.578851 0.581811 0.581976 0.00321 
conc NaCl in washed sand g/l 0.067981 0.061567 0.064527 0.064692 0.00321 
 
Enrichment factor 
 
initial final Δ 
NaCl (g/l) 70.29134 80.98072 
 vol of water (ml) 89 73.33333 15.66667 
NaCl mass (g) 6.255929 5.938586 0.317343 
conc of NaCl in water flux (g/l) 20.25595 
EF (pipe + sand) 0.288171 
conc NaCl in washed sand g/l 0.064692 
EF(sand only) 0.00092 
 
 
A5.12 AIR PERMEATION FOR DIFFERENT CONCENTRATIONS  
A5.12.1 Sodium Chloride 35 g/l 
Air Permeation 
SET I = 90 G/M NaCl 35g/l length= 12.8cm = 0.128m surface area= 0.013056m2 
initial EC= 45.3mS 
 
 
Weight g 
 Time 
(hr) I II III Ave wt g 
0 220.085 221.143 190.903 210.7103 
22 210.387 211.671 181.011 201.023 
52 198.797 200.13 170.01 189.6457 
120 176.127 177.921 147.601 167.2163 
144 170.74 172.296 141.806 161.614 
170 164.822 166.186 135.392 155.4667 
 
  
Perm flux L(m-2.h) 
 
Std Dev std error 
Time (hr) 
actual daily 
hours I II III 
Ave Perm 
flux L(m-2.h) 
  0 
       22 22 0.033764 0.032977 0.034439 0.033727 0.000732 0.000423 
52 30 0.02959 0.029465 0.028087 0.029048 0.000834 0.000482 
144 24 0.017192 0.017952 0.018494 0.017879 0.000654 0.000378 
170 26 0.017434 0.016571 0.017071 0.017025 0.000433 0.00025 
        total flux 
 
55.263 54.957 55.511 55.24367 0.277506 
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A5.12.2 Sodium Chloride 70 g/l 
Air Permeation 
SET I = 90 G/M NaCl 70g/l length= 12.8cm = 0.128m surface area= 0.013056m2 
initial EC= 75.3mS 
 
 
Weight g 
 Time (hr) I II III Ave wt g 
0 227.73 222.774 223.86 224.788 
24 220.608 216.089 216.991 217.896 
48 213.809 209.78 210.544 211.3777 
72 206.801 203.411 203.895 204.7023 
144 191.853 189.658 188.949 190.1533 
168 186.385 185.887 184.846 185.706 
 
  
Perm flux L(m-2.h) 
 
Std Dev std error 
Time (hr) 
actual daily 
hours I II III 
Ave Perm flux 
L(m-2.h) 
  0 
       24 24 0.022729 0.021334 0.021922 0.021995 0.0007 0.000404 
48 24 0.021698 0.020134 0.020575 0.020802 0.000806 0.000466 
72 24 0.022365 0.020326 0.021219 0.021304 0.001022 0.00059 
168 24 0.01745 0.012035 0.013094 0.014193 0.00287 0.001657 
        total flux 
 
41.345 36.887 39.014 39.082 2.229778 
  
 
A5.12.3 Sodium Chloride 150 g/l 
Air Permeation 
SET I = 90 G/M NaCl 150g/l length= 12.8cm = 0.128m surface area= 0.013056m2 
initial EC= 119.6mS 
 
 
Δweight g 
 Time (hr) I II III Ave Δ wt g 
0 
    24 5.321 5.477 5.492 5.43 
48 4.824 4.61 4.801 4.745 
72 4.39 4.175 4.227 4.264 
96 3.916 3.867 3.902 3.895 
168 3.114 3.108 3.007 3.076333 
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Perm flux L(m-2.h) 
 
Std Dev std error 
Time 
(hr) 
actual daily 
hours I II III 
Ave Perm flux 
L(m-2.h) 
  0 
       24 24 0.016981 0.017479 0.017527 0.017329 0.000302 0.000174 
48 24 0.015395 0.014712 0.015322 0.015143 0.000375 0.000216 
72 24 0.01401 0.013324 0.01349 0.013608 0.000358 0.000207 
96 24 0.012497 0.012341 0.012453 0.01243 8.05E-05 4.65E-05 
168 24 0.009938 0.009919 0.009596 0.009818 0.000192 0.000111 
 
A5.13 SAND PERMEATION FOR DIFFERENT CONCENTRATIONS  
A5.13.1 Sodium Chloride 35 g/l 
Sand Permeation 
SET I = 90 G/M NaCl 35g/l length= 12.8cm = 0.128m surface area= 0.013056m2 
initial EC of solution= 45.3mS EC of reference/control sand = 520μS 
 
  
Perm flux L(m-2.h) 
 
Std Dev std error 
Time (hr) 
actual daily 
hours I II III 
Ave Perm 
flux L(m-2.h) 
  0 
       28 28 0.011133 0.012534 0.010636 0.011434 0.00098433 0.000568 
120 24 0.006644 0.00682 0.008518 0.007327 0.00103463 0.000597 
144 24 0.00614 0.006475 0.006826 0.006481 0.0003431 0.000198 
170 26 0.005662 0.005532 0.005957 0.005717 0.00021738 0.000126 
        total flux 
 
15.538 15.724 16.325 15.86233 
  
A5.13.2 Sodium Chloride 70 g/l 
Sand Permeation 
SET I = 90 G/M NaCl 70g/l length= 12.8cm = 0.128m surface area= 0.013056m2 
initial EC of solution= 75.3mS EC of reference/control sand = 517μS 
 
  
Perm flux L(m-2.h) 
   
Time (hr) 
actual daily 
hours I II III 
Ave Perm flux 
L(m-2.h) Std Dev std error 
0 
       28 24 0.005815 0.005885 0.006159 0.005953 0.00018214 0.000105 
120 24 0.012309 0.005594 0.005486 0.00554 7.6726E-05 4.43E-05 
144 24 0.005473 0.005365 0.005336 0.005391 7.2377E-05 4.18E-05 
170 24 0.004845 0.004813 0.005103 0.00492 0.00015926 9.19E-05 
        total flux 
 
13.343 11.404 10.805 11.1045 1.32664778 
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A5.13.3 Sodium Chloride 150 g/l 
Sand Permeation 
SET I = 90 G/M NaCl 150g/l length= 12.8cm = 0.128m surface area= 0.013056m2 
initial EC= 121.3mS EC of reference/control sand = 515μS 
 
  
Perm flux L(m-2.h) 
   Time 
(hr) 
actual daily 
hours I II III 
Ave Perm 
flux L(m-2.h) Std Dev std error 
0 
       24 24 0.003932 0.004072 0.003842 0.003949 0.00011583 6.69E-05 
48 24 0.00359 0.003673 0.00352 0.003595 7.6682E-05 4.43E-05 
72 24 0.003309 0.00353 0.003504 0.003448 0.00012044 6.95E-05 
96 24 0.00322 0.003514 0.003265 0.003333 0.0001582 9.13E-05 
168 24 0.002342 0.002579 0.002544 0.002488 0.00012743 7.36E-05 
 
 
A5.14 REMOVAL EFFICIENCY 
 
NaCl g/l air sand %R air %R sand 
35 0.119957 0.001626 88.0043 99.8374 
70 0.259321 0.000946 74.0679 99.9054 
150 0.275036 0.012667 72.4964 98.7333 
 
 
 
A5.15 LONG TERM AIR PERMEATION (OVER 120 DAYS) 
 
initial polymer wt = 187.761 g initial vol solution = 5 litres 
100 ridges = 85.5cm = 872.1cm2 = 0.08721m2  
(0.102 m2 per m of tube length as the surface 
area) 
initial conc solution = 70g/l NaCl 
surface area = 0.08721m2 
 
Laboratory relative humidity is blank once it is less than 20%
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A5.15.1 Long term air permeation 
date time hours day cum day 
reservoir 
wt g 
EC x 10 in 
tank(mS) 
Temp 
oC 
EC 
flushed(mS) 
Temp 
oC 
Lab temp 
oC lab humidity % 
01-Feb-12 4:30pm 0 0 0 7480 73.7 20.8 
  
19.1 Blank 
02-Feb-12 11:00am 18.5 0.770833 0.770833 7440 73.7 20.8 
  
18.5 B 
02-Feb-12 5:30pm 6.5 0.270833 
 
7434 
    
18 B 
03-Feb-12 10:00am 16.5 0.6875 1.729167 7405 
    
18.2 B 
03-Feb-12 4:30pm 6.5 0.270833 
 
7401 73.9 21 
  
18.6 B 
06-Feb-12 10:00am 65.5 2.729167 4.729167 7341 
    
18.9 29 
06-Feb-12 4:30pm 6.5 0.270833 5 7336 73.8 20.5 
  
19.4 25 
07-Feb-12 10:00am 17.5 0.729167 5.729167 7320 
    
19.8 B 
08-Feb-12 10:30am 24.5 1.020833 6.75 7300 
    
18 B 
08-Feb-12 4:30pm 6 0.25 7 7296 72.9 20.3 
  
18.8 B 
09-Feb-12 10:00am 17.5 0.729167 7.729167 7282 
    
18.3 B 
09-Feb-12 4:30pm 6.5 0.270833 
 
7279 
    
19.1 B 
10-Feb-12 11:30am 19 0.791667 8.791667 7265 
    
19 B 
10-Feb-12 4:30pm 5 0.208333 9 7262 
    
19.1 B 
13-Feb-12 10:00am 65.5 2.729167 11.72917 7217 73.5 20.4 
  
19 28 
13-Feb-12 5:00pm 7 0.291667 12.02083 7213 
    
19.4 34 
14-Feb-12 3:00pm 22 0.916667 12.9375 7200 
    
18.2 27 
15-Feb-12 10:00am 19 0.791667 13.72917 7190 
    
20 29 
16-Feb-12 12:00pm 26 1.083333 14.8125 7175 
    
20.8 27 
17-Feb-12 10:00am 22 0.916667 15.72917 7163 73.8 20.6 
  
20.2 38 
20-Feb-12 10:00am 72 3 18.72917 7127 
    
20 B 
22-Feb-12 10:30am 48.5 2.020833 20.75 7112 77 20.5 105.1 20.4 20.1 33 
22-Feb-12 3:30pm 5 0.208333 20.95833 7105 
    
20.5 37 
23-Feb-12 10:30am 19 0.791667 21.75 7083 
    
21 49 
24-Feb-12 10:30am 24 1 22.75 7060 
    
20.5 45 
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24-Feb-12 4:30pm 6 0.25 23 7056 
    
20.9 45 
27-Feb-12 10:00am 65.5 2.729167 25.72917 7007 76.8 20.1 
  
19.9 38 
27-Feb-12 5:30pm 7.5 0.3125 26.04167 7002 
    
20.4 41 
28-Feb-12 2:00pm 20.5 0.854167 26.89583 6987 
    
21 45 
29-Feb-12 4:00pm 26 1.083333 27.97917 6972 
    
20.9 43 
01-Mar-12 4:00pm 24 1 28.97917 6958 77.1 21.1 
  
21 41 
02-Mar-12 4:00pm 24 1 29.97917 6943 
    
20.5 39 
05-Mar-12 10:00am 66 2.75 32.72917 6908 
    
20 B 
06-Mar-12 11:00am 25 1.041667 33.77083 6895 
    
20 25 
07-Mar-12 2:00pm 27 1.125 34.89583 6880 79.9 20.2 106.2 20.4 20.1 40 
08-Mar-12 9:00am 19 0.791667 35.6875 6864 
    
19.3 25 
08-Mar-12 2:00pm 5 0.208333 35.89583 6860 
    
19.5 30 
09-Mar-12 9:00am 19 0.791667 36.6875 6847 
    
19.6 33 
10-Mar-12 4:30pm 31.5 1.3125 38 6825 
    
20.9 43 
12-Mar-12 4:00pm 47.5 1.979167 39.97917 6794 79.6 20.9 
  
21.1 40 
13-Mar-12 2:00pm 22 0.916667 40.89583 6781 
    
20.9 36 
14-Mar-12 2:30pm 24.5 1.020833 41.91667 6767 
    
20.5 33 
15-Mar-12 2:30pm 24 1 42.91667 6750 
    
21 39 
16-Mar-12 2:30pm 24 1 43.91667 6735 
    
21 35 
19-Mar-12 10:00am 67.5 2.8125 46.72917 6700 80.1 21.2 
  
21.4 B 
 
date time 
reservoir 
wt g 
Δ reservoir 
wt 
flux 
g/cm2.d flux g/cm2.sec flux l/m2h res wt kg EC mS 
Concentration  
g/l 
01-Feb-12 4:30pm 7480 
    
7.48 73.7 68.10766 
02-Feb-12 11:00am 7440 40 0.059509 6.89E-07 0.024793 7.44 
  02-Feb-12 5:30pm 7434 6 0.025406 2.94E-07 0.010585 7.434 
  03-Feb-12 10:00am 7405 29 0.048374 5.6E-07 0.020153 7.405 
  03-Feb-12 4:30pm 7401 4 0.016937 1.96E-07 0.007056 7.401 73.9 68.37897 
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06-Feb-12 10:00am 7341 60 0.025212 2.92E-07 0.010504 7.341 
  06-Feb-12 4:30pm 7336 5 0.021171 2.45E-07 0.00882 7.336 
  07-Feb-12 10:00am 7320 16 0.025164 2.91E-07 0.010484 7.32 
  08-Feb-12 10:30am 7300 20 0.022468 2.6E-07 0.00936 7.3 
  08-Feb-12 4:30pm 7296 4 0.018349 2.12E-07 0.007644 7.296 
  09-Feb-12 10:00am 7282 14 0.022018 2.55E-07 0.009173 7.282 
  09-Feb-12 4:30pm 7279 3 0.012703 1.47E-07 0.005292 7.279 
  10-Feb-12 11:30am 7265 14 0.02028 2.35E-07 0.008449 7.265 
  10-Feb-12 4:30pm 7262 3 0.016514 1.91E-07 0.00688 7.262 
  13-Feb-12 10:00am 7217 45 0.018909 2.19E-07 0.007878 7.217 
  13-Feb-12 5:00pm 7213 4 0.015727 1.82E-07 0.006552 7.213 
  14-Feb-12 3:00pm 7200 13 0.016264 1.88E-07 0.006776 7.2 
  15-Feb-12 10:00am 7190 10 0.014486 1.68E-07 0.006035 7.19 
  16-Feb-12 12:00pm 7175 15 0.015879 1.84E-07 0.006615 7.175 
  17-Feb-12 10:00am 7163 12 0.015013 1.74E-07 0.006254 7.163 
  20-Feb-12 10:00am 7127 36 0.013761 1.59E-07 0.005733 7.127 
  22-Feb-12 10:30am 7112 15 0.008512 9.85E-08 0.003546 7.112 77 72.6446 
22-Feb-12 3:30pm 7105 7 0.038532 4.46E-07 0.016053 7.105 
  23-Feb-12 10:30am 7083 22 0.031869 3.69E-07 0.013277 7.083 
  24-Feb-12 10:30am 7060 23 0.026376 3.05E-07 0.010989 7.06 
  24-Feb-12 4:30pm 7056 4 0.018349 2.12E-07 0.007644 7.056 
  27-Feb-12 10:00am 7007 49 0.02059 2.38E-07 0.008578 7.007 
  27-Feb-12 5:30pm 7002 5 0.018349 2.12E-07 0.007644 7.002 
  28-Feb-12 2:00pm 6987 15 0.020139 2.33E-07 0.00839 6.987 
  29-Feb-12 4:00pm 6972 15 0.015879 1.84E-07 0.006615 6.972 
  01-Mar-12 4:00pm 6958 14 0.016055 1.86E-07 0.006689 6.958 
  02-Mar-12 4:00pm 6943 15 0.017202 1.99E-07 0.007167 6.943 
  05-Mar-12 10:00am 6908 35 0.014595 1.69E-07 0.006081 6.908 
  06-Mar-12 11:00am 6895 13 0.014312 1.66E-07 0.005963 6.895 
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07-Mar-12 2:00pm 6880 15 0.015291 1.77E-07 0.00637 6.88 79.9 76.73769 
08-Mar-12 9:00am 6864 16 0.023177 2.68E-07 0.009656 6.864 
  08-Mar-12 2:00pm 6860 4 0.022018 2.55E-07 0.009173 6.86 
  09-Mar-12 9:00am 6847 13 0.018831 2.18E-07 0.007846 6.847 
  10-Mar-12 4:30pm 6825 22 0.019222 2.22E-07 0.008008 6.825 
  12-Mar-12 4:00pm 6794 31 0.017962 2.08E-07 0.007483 6.794 
  13-Mar-12 2:00pm 6781 13 0.016264 1.88E-07 0.006776 6.781 
  14-Mar-12 2:30pm 6767 14 0.015727 1.82E-07 0.006552 6.767 
  15-Mar-12 2:30pm 6750 17 0.019495 2.26E-07 0.008122 6.75 
  16-Mar-12 2:30pm 6735 15 0.017202 1.99E-07 0.007167 6.735 
  19-Mar-12 10:00am 6700 35 0.014271 1.65E-07 0.005946 6.7 80.1 
  
A5.15.2 DATE FROM 20-03-2012 TO 04-06-2012 
 date time hrs day cum day 
reservoir 
wt g 
EC x 10 in 
tank(mS) 
Temp 
oC 
EC flushed 
(mS) 
Temp 
oC 
Lab 
temp oC 
lab 
humidity % 
 20-Mar-12 2:00pm 28 1.166667 47.89583 6687 
    
21.4 31 
 22-Mar-12 2:00pm 48 2 49.89583 6664 82.9 21.8 103.7 21.7 21.2 25 
 23-Mar-12 2:00pm 24 1 50.89583 6644 
    
21.9 36 
 26-Mar-12 2:00pm 72 3 53.89583 6593 83.1 21.1 
  
21.2 B 
 27-Mar-12 2:00pm 24 1 54.89583 6577 
    
21.9 B 
 28-Mar-12 12:00noon 22 0.916667 55.8125 6564 
    
22.5 B 
 29-Mar-12 12:30pm 24.5 1.020833 56.83333 6547 
    
22.5 22 
 30-Mar-12 2:00pm 25.5 1.0625 57.89583 6529 82.9 22.1 
  
22 33 
 02-Apr-12 11:00am 45 1.875 59.77083 6492 
    
22 B 
 03-Apr-12 4:30pm 29.5 1.229167 61 6476 
    
21.2 29 
easter break 04-Apr-12 2:00pm 21.5 0.895833 61.89583 6465 85.1 21.4 105.8 21.2 21 B 
 11-Apr-12 1:00pm 167 6.958333 68.85417 6346 
    
20.8 34 
 12-Apr-12 1:00pm 24 1 69.85417 6331 85.2 20.9 
  
20.9 23 
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 13-Apr-12 1:00pm 24 1 70.85417 6317 
    
20.5 29 
 16-Apr-12 1:00pm 72 3 73.85417 6280 
    
20.8 B 
 17-Apr-12 11:00am 22 0.916667 74.77083 6267 
    
20 37 
 18-Apr-12 2:00pm 27 1.125 75.89583 6255 89.9 21.2 106.7 21 20.6 38 
 19-Apr-12 2:00pm 24 1 76.89583 6238 
    
20.4 37 
 20-Apr-12 2:00pm 24 1 77.89583 6222 
    
21 34 
 23-Apr-12 1:00pm 71 2.958333 80.85417 6179 90 21.1 
  
20.9 33 
 24-Apr-12 2:00pm 25 1.041667 81.89583 6163 
    
21 25 
 25-Apr-12 2:00pm 24 1 82.89583 6146 
    
20.4 39 
 26-Apr-12 2:00pm 24 1 83.89583 6132 
    
21.1 38 
 27-Apr-12 2:00pm 24 1 84.89583 6118 89.8 21.2 
  
21.3 39 
 30-Apr-12 2:00pm 72 3 87.89583 6082 
    
21.6 35 
 01-May-12 10:00am 20 0.833333 88.72917 6070 
    
20.9 50 
 02-May-12 2:00pm 28 1.166667 89.89583 6058 91.2 18.6 108.5 19.1 19.4 44 
lab heating off! 03-May-12 12:00noon 22 0.916667 90.8125 6041 
    
14 56 
 04-May-12 12:00noon 24 1 
 
6034 
    
18.6 46 
 07-May-12 2:00pm 74 3.083333 94.89583 5982 91.4 20.6 
  
20.4 41 
 09-May-12 2:00pm 48 2 96.89583 5952 
    
21.4 54 
 10-May-12 1:00pm 23 0.958333 97.85417 5940 
    
21.6 60 
 11-May-12 12:00noon 23 0.958333 98.8125 5931 95.2 22.6 109.1 22.6 22.5 55 
 14-May-12 4:30pm 76.5 3.1875 102 5871 
    
21.5 41 
 15-May-12 12:00noon 19.5 0.8125 102.8125 5859 94.9 21.2 
  
21.1 32 
 16-May-12 2:00pm 26 1.083333 103.8958 5844 
    
21.8 B 
 17-May-12 2:00pm 24 1 104.8958 5830 
    
21.3 B 
 18-May-12 2:00pm 24 1 105.8958 5816 98.6 21.9 106.2 21.9 21.6 38 
 21-May-12 2:00pm 72 3 108.8958 5762 
    
21 45 
 22-May-12 2:00pm 24 1 109.8958 5748 98.3 22.4 
  
22.5 52 
 24-May-12 2:00pm 48 2 111.8958 5723 
    
24.5 53 
 25-May-12 2:00pm 24 1 112.8958 5712 98.9 25.3 109.3 25.4 25.1 40 
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 28-May-12 2:00pm 72 3 115.8958 5661 
    
25 38 
 29-May-12 2:00pm 24 1 116.8958 5646 
    
25.1 37 
 30-May-12 2:00pm 24 1 117.8958 5633 
    
23.9 43 
 01-Jun-12 2:00pm 48 2 119.8958 5608 
    
23 47 
 04-Jun-12 4:30pm 74.5 3.104167 123 5574 103.9 19.3 118.2 19.5 20.5 41 
 
 
date time 
reservoir 
wt g 
Δ reservoir 
wt 
flux 
g/cm2.d 
flux 
g/cm2.sec 
flux 
l/m2h res wt kg EC mS 
Concentration  
g/l 
 
20-Mar-12 2:00pm 6687 13 0.012779 1.48E-07 0.005324 6.687 
  
 
22-Mar-12 2:00pm 6664 23 0.013188 1.53E-07 0.005494 6.664 82.9 81.07635 
 
23-Mar-12 2:00pm 6644 20 0.022936 2.65E-07 0.009555 6.644 
  
 
26-Mar-12 2:00pm 6593 51 0.019495 2.26E-07 0.008122 6.593 
  
 
27-Mar-12 2:00pm 6577 16 0.018349 2.12E-07 0.007644 6.577 
  
 
28-Mar-12 12:00noon 6564 13 0.016264 1.88E-07 0.006776 6.564 
  
 
29-Mar-12 12:30pm 6547 17 0.019098 2.21E-07 0.007956 6.547 
  
 
30-Mar-12 2:00pm 6529 18 0.019428 2.25E-07 0.008094 6.529 
  
 
02-Apr-12 11:00am 6492 37 0.02263 2.62E-07 0.009428 6.492 
  
 
03-Apr-12 4:30pm 6476 16 0.014928 1.73E-07 0.006219 6.476 
  easter break 04-Apr-12 2:00pm 6465 11 0.014082 1.63E-07 0.005867 6.465 85.1 84.32553 
 
11-Apr-12 1:00pm 6346 119 0.019612 2.27E-07 0.008171 6.346 
  
 
12-Apr-12 1:00pm 6331 15 0.017202 1.99E-07 0.007167 6.331 
  
 
13-Apr-12 1:00pm 6317 14 0.016055 1.86E-07 0.006689 6.317 
  
 
16-Apr-12 1:00pm 6280 37 0.014144 1.64E-07 0.005893 6.28 
  
 
17-Apr-12 11:00am 6267 13 0.016264 1.88E-07 0.006776 6.267 
  
 
18-Apr-12 2:00pm 6255 12 0.012232 1.42E-07 0.005096 6.255 89.9 91.61289 
 
19-Apr-12 2:00pm 6238 17 0.019495 2.26E-07 0.008122 6.238 
  
 
20-Apr-12 2:00pm 6222 16 0.018349 2.12E-07 0.007644 6.222 
  
 
23-Apr-12 1:00pm 6179 43 0.016669 1.93E-07 0.006945 6.179 
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24-Apr-12 2:00pm 6163 16 0.017615 2.04E-07 0.007339 6.163 
  
 
25-Apr-12 2:00pm 6146 17 0.019495 2.26E-07 0.008122 6.146 
  
 
26-Apr-12 2:00pm 6132 14 0.016055 1.86E-07 0.006689 6.132 
  
 
27-Apr-12 2:00pm 6118 14 0.016055 1.86E-07 0.006689 6.118 
  
 
30-Apr-12 2:00pm 6082 36 0.013761 1.59E-07 0.005733 6.082 
  
 
01-May-12 10:00am 6070 12 0.016514 1.91E-07 0.00688 6.07 
  
 
02-May-12 2:00pm 6058 12 0.011796 1.37E-07 0.004914 6.058 91.2 93.63334 
lab heating off! 03-May-12 12:00noon 6041 17 0.021268 2.46E-07 0.008861 6.041 
  
 
04-May-12 12:00noon 6034 7 0.008028 9.29E-08 0.003344 6.034 
  
 
07-May-12 2:00pm 5982 52 0.01934 2.24E-07 0.008058 5.982 
  
 
09-May-12 2:00pm 5952 30 0.017202 1.99E-07 0.007167 5.952 
  
 
10-May-12 1:00pm 5940 12 0.01436 1.66E-07 0.005983 5.94 
  
 
11-May-12 12:00noon 5931 9 0.01077 1.25E-07 0.004487 5.931 95.2 99.97518 
 
14-May-12 4:30pm 5871 60 0.021587 2.5E-07 0.008993 5.871 
  
 
15-May-12 12:00noon 5859 12 0.016937 1.96E-07 0.007056 5.859 
  
 
16-May-12 2:00pm 5844 15 0.015879 1.84E-07 0.006615 5.844 
  
 
17-May-12 2:00pm 5830 14 0.016055 1.86E-07 0.006689 5.83 
  
 
18-May-12 2:00pm 5816 14 0.016055 1.86E-07 0.006689 5.816 98.6 105.5142 
 
21-May-12 2:00pm 5762 54 0.020642 2.39E-07 0.0086 5.762 
  
 
22-May-12 2:00pm 5748 14 0.016055 1.86E-07 0.006689 5.748 
  
 
24-May-12 2:00pm 5723 25 0.014335 1.66E-07 0.005972 5.723 
  
 
25-May-12 2:00pm 5712 11 0.012615 1.46E-07 0.005256 5.712 98.9 
 
 
28-May-12 2:00pm 5661 51 0.019495 2.26E-07 0.008122 5.661 
  
 
29-May-12 2:00pm 5646 15 0.017202 1.99E-07 0.007167 5.646 
  
 
30-May-12 2:00pm 5633 13 0.014908 1.73E-07 0.006211 5.633 
  
 
01-Jun-12 2:00pm 5608 25 0.014335 1.66E-07 0.005972 5.608 
  
 
04-Jun-12 4:30pm 5574 34 0.012561 1.45E-07 0.005233 5.574 103.9 114.4206 
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APPENDIX 5 REFERENCE  
Sparrow, B.S. 2003 Empirical equations for the thermodynamic properties of aqueous 
sodium chloride, Desalination 159, pp. 161-170. 
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APPENDIX 6 
A6.1. Phenol test data 
Air Permeation length used = 20 ridges = 17.1 cm = 0.017442m2   
Phenol 300mg/l 0.102 m2 per m of tube length as the surface area 
 
    
perm flux L/(m2.h) 
 
Std Dev Std Error 
temp 
rel 
hum 
Time 
(hr) 
actual 
daily 
hours I II III 
Ave flux 
L/(m2.h) 
  22.5 52 0 0 
      23 44 23 23 0.037418 0.037568 0.037561 0.037516 8.4275E-05 4.86562E-05 
23.2 48 46 23 0.043077 0.042409 0.042105 0.04253 0.00049731 0.00028712 
22.8 42 72 26 0.035284 0.035185 0.034876 0.035115 0.00021275 0.00012283 
23.1 43 96 24 0.037622 0.03795 0.038286 0.037953 0.00033206 0.000191717 
22.9 51 120 24 0.04148 0.037419 0.03934 0.039413 0.00203153 0.001172905 
23.2 50 144 24 0.034806 0.033282 0.033115 0.033734 0.00093197 0.000538073 
23 53 168 24 0.034421 0.032016 0.032957 0.033131 0.00121224 0.000699887 
 
 
I II III Average 
  initial PMP wt (g) 104.09 102.707 103.121 103.306 
  final PMP wt (g) 116.759 115.692 116.089 116.18 
  Δ PMP wt (g) 12.669 12.985 12.968 12.874 
  
 initial vol (ml) 194.233 191.436 192.158 192.609 
  final vol (ml) 71.179 71.527 71.262 71.32267 
  Δ vol (ml) 123.054 119.909 120.896 121.2863 
  
 
std dev std error  
ini conc from cal mg/l 302.757 302.991 302.831 302.8597 
  fin conc from cal mg/l 569.598 573.69 575.441 572.9097 
  EF 0.531527 0.528144 0.526259 0.528644 0.00267 0.001541 
 
 
initial final 
ph (mg/l) 302.8597 572.9097 
vol of water (ml) 192.609 71.32267 
ph mass (mg) 58.3335 40.86145 
    EF 0.528644 
 % rejection 47.13657 
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A6.2  Phenol UV calibration 
 
standard concentration mg/l  Absorbance wv 254 
0 0.001 
30 0.219 
60 0.333 
180 0.953 
300 1.537 
420 2.218 
480 2.445 
600 2.918 
 
 
 
 
Figure A6.1: Plot of UV-vis absorbance at 254 wavelength versus concentration for phenol 
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A6.3  2 Phenoxyethanol test data 
Air Permeation length used = 20 ridges = 17.1 cm = 0.017442m2   
2-Phenoxy ethanol 300mg/l 
 
    
perm flux L/(m2.h) 
 
Std Dev Std Error 
temp 
rel 
hum 
Time 
(hr) 
actual 
daily 
hours I II III 
Ave flux 
L/(m2.h) 
  22.5 52 0 0 
      23 44 23 23 0.038956 0.038316 0.037054 0.038109 0.000968 0.000559 
23.2 48 46 23 0.04382 0.043202 0.043339 0.043453 0.000325 0.000187 
22.8 42 72 26 0.038938 0.037743 0.038384 0.038355 0.000598 0.000345 
23.1 43 96 24 0.042123 0.038263 0.037854 0.039413 0.002356 0.00136 
22.9 51 120 24 0.041167 0.037307 0.038848 0.039107 0.001943 0.001122 
23.2 50 144 24 0.022699 0.034006 0.033943 0.030216 0.00651 0.003759 
23 53 168 24 0.034142 0.036409 0.037479 0.03601 0.001704 0.000984 
 
 
 
I II III Average   
initial PMP wt (g) 94.401 92.604 93.098 93.36767   
final PMP wt (g) 109.089 106.321 107.301 107.5703   
Δ PMP wt (g) 14.688 13.717 14.203 14.20267   
 
  
initial vol (ml) 236.361 226.177 227.884 230.1407   
final vol (ml) 112.148 101.532 102.017 105.2323   
Δ vol (ml) 
 
124.213 124.645 125.867 124.9083   
      
std dev std error 
ini conc from cal mg/l 302.152 301.927 302.614 302.231   
fin conc from cal mg/l 703.703 725.61 728.582 719.2983   
EF 
 
0.429374 0.416101 0.415347 0.420175 0.00789 0.004555 
 
 
 
initial final 
2 ph (mg/l) 302.231 719.2983 
vol of water (ml) 230.1407 105.2323 
2 ph mass (mg) 69.55565 75.69341 
    EF 0.420175 
 % rejection 57.98252 
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A6.4  2 phenoxy ethanol UV calibration 
 
standard concentration mg/l  Absorbance wv 254 
0 0.001 
30 0.112 
60 0.273 
180 0.656 
300 1.071 
420 1.571 
480 1.676 
600 2.12 
 
 
 
 
 
Figure A6.2: Plot of UV-vis absorbance at 254 wavelength versus concentration for 2 phenoxy 
ethanol 
 
 
 
y = 0.0036x 
R² = 0.9976 
0
0.5
1
1.5
2
2.5
0 100 200 300 400 500 600 700
U
V
 v
is
 a
b
s 
concentration mg/l 
229 
 
A6.5. Naphthalene test data 
Air Permeation length used = 20 ridges = 17.1 cm = 0.017442m2   
naphthalene 30mg/l 
 
    
perm flux 
L/(m2.h) 
 
Std Dev Std Error 
temp 
rel 
hum 
Time 
(hr) 
actual 
daily 
hours I II III 
Ave flux 
L/(m2.h) 
  22.8 47 0 0 
      21.9 51 27 27 0.038271 0.042163 0.037997 0.039477 0.00233 0.001345 
22.5 50 48 21 0.046576 0.046292 0.047021 0.04663 0.000367 0.000212 
22.1 50 72 24 0.041234 0.04074 0.040855 0.040943 0.000259 0.000149 
22.6 48 96 24 0.038079 0.039201 0.038456 0.038579 0.000571 0.00033 
22.5 49 120 24 0.034987 0.035898 0.035405 0.03543 0.000456 0.000263 
22 49 144 24 0.034357 0.035862 0.035104 0.035108 0.000752 0.000434 
22.1 30 168 24 0.035919 0.037981 0.036103 0.036668 0.001141 0.000659 
 
 
 
I II III Average 
   initial PMP wt (g) 106.153 107.431 106.722 106.7687 
   final PMP wt (g) 119.551 120.446 119.904 119.967 
   Δ PMP wt (g) 13.398 13.015 13.182 13.19833 
   
    initial vol (ml) 228.365 246.795 236.757 237.3057 
   final vol (ml) 102.619 117.566 110.629 110.2713 
   Δ vol (ml) 125.746 129.229 126.128 127.0343 
   
      mixture 1:2 
    
actual std dev std error 
ini conc from cal mg/l 12.837 12.855 12.804 12.832 25.664 
  fin conc from cal mg/l 45.484 43.204 41.041 43.243 86.486 
  EF 0.282231 0.297542 0.311981 0.297251 
 
0.014877 0.008589 
 
 
initial final 
naph (mg/l) 25.664 86.486 
vol of water (ml) 237.3057 110.2713 
naph mass (mg) 6.090213 9.536924 
    EF 0.296742 
 % rejection 70.32583 
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A6.6  Naphthalene UV calibration 
 
standard concentration mg/l  Absorbance wv 254 
0 0 
3.333 0.103 
12 0.307 
15 0.411 
21 0.504 
30 0.761 
45.484 1.153 
 
 
 
 
Figure A6.3: Plot of UV-vis absorbance at 254 wavelength versus concentration for naphthalene  
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A6.7. Fluorene test data 
Air Permeation length used = 20 ridges = 17.1 cm = 0.017442m2   
fluorene 1.9mg/l 
 
    
perm flux L/(m2.h) 
   
temp 
rel 
hum 
Time 
(hr) 
actual 
daily 
hours I II III 
Ave flux 
L/(m2.h) Std Dev Std Error 
22.8 49 0 0 
      22.5 49 24 24 0.036669 0.03655 0.037001 0.03674 0.000234 0.000135 
22 48 48 24 0.040028 0.040343 0.040401 0.040257 0.000201 0.000116 
22.1 30 70 22 0.042945 0.043451 0.042309 0.042901 0.000572 0.00033 
21.5 50 95 24 0.040811 0.041304 0.041956 0.041357 0.000574 0.000331 
22.1 49 120 25 0.035069 0.036358 0.035998 0.035809 0.000665 0.000384 
22.3 48 144 24 0.036053 0.038353 0.035859 0.036755 0.001387 0.000801 
22.7 53 168 24 0.037751 0.035666 0.036108 0.036508 0.001099 0.000634 
 
 
I II III Average 
   initial PMP wt (g) 99.027 107.769 104.319 103.705 
   final PMP wt (g) 112.946 121.911 118.327 117.728 
   Δ PMP wt (g) 13.919 14.142 14.008 14.023 
   
    initial vol (ml) 237.91 248.316 242.889 243.0383 
   final vol (ml) 112.135 121.184 116.859 116.726 
   Δ vol (ml) 125.775 127.132 126.03 126.3123 
   
       mixture 1:2 
    
actual std dev std error  
ini conc from cal mg/l 0.806 0.809 0.806 0.807 1.614 
  fin conc from cal mg/l 5.778 5.317 5.609 5.568 11.136 
  EF 0.13949 0.15215 0.14369 0.14511 
 
0.006447 0.003722 
 
 
initial final 
fl (mg/l) 1.614 11.136 
vol of water (ml) 243.0383 116.726 
fl mass (mg) 0.392264 1.299861 
   EF 0.144935 
 % rejection 85.50647 
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A6.8   Fluorene UV calibration 
 
standard concentration mg/l  Absorbance wv 254 
0 0.001 
0.19 0.058 
0.76 0.12 
0.95 0.136 
1.14 0.192 
1.52 0.279 
 
 
 
 
Figure A6.4: Plot of UV-vis absorbance at 254 wavelength versus concentration for fluorene 
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A6.9  1,2 Diethyl benzene test data 
Air Permeation length used = 20 ridges = 17.1 cm = 0.017442m2   
1,2 diethyl benzene 70mg/l 
 
    
perm flux L/(m2.h) 
 
Std Dev Std Error 
temp 
rel 
hum 
Time 
(hr) 
actual 
daily 
hours I II III 
Ave flux 
L/(m2.h) 
  22 30 0 0 
      21.6 50 24 24 0.037854 0.03977 0.039254 0.038959 0.000991 0.000572 
22.1 52 48 24 0.039572 0.039617 0.038702 0.039297 0.000516 0.000298 
22.3 48 72 24 0.03998 0.040097 0.040159 0.040079 9.1E-05 5.25E-05 
22.7 53 97 25 0.03725 0.035815 0.036533 0.036533 0.000718 0.000414 
22.5 38 121 24 0.033253 0.034827 0.03552 0.034534 0.001162 0.000671 
22.8 37 145 24 0.035843 0.037173 0.03676 0.036592 0.000681 0.000393 
23 35 168 23 0.034654 0.036018 0.036202 0.035624 0.000846 0.000488 
 
 
I II III Average 
   initial PMP wt (g) 112.413 109.839 116.425 112.8923 
   final PMP wt (g) 125.143 123.614 129.946 126.2343 
   Δ PMP wt (g) 12.73 13.775 13.521 13.342 
   
    initial vol (ml) 207.524 210.126 213.85 210.5 
   final vol (ml) 86.578 86.128 90.175 87.627 
   Δ vol (ml) 120.946 123.998 123.675 122.873 
   
    mixture 1:2 
    
actual std dev std error  
ini conc from cal mg/l 32.935 32.729 32.407 32.69033 65.38067 
  fin conc from cal mg/l 96.224 95.048 95.848 95.70667 191.4133 
  EF 0.34227 0.34434 0.33811 0.34157 
 
0.003175 0.001833 
 
 
 
initial final 
1,2 DEB (mg/l) 65.38067 191.4133 
vol of water (ml) 210.5 87.627 
1,2 DEB mass (mg) 13.76263 16.77297 
    EF 0.341568 
 % rejection 65.84319 
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A6.10  1,2 diethylbenzene UV calibration 
 
standard concentration mg/l  Absorbance 193 WV 
0 0.001 
14 0.508 
28 0.897 
42 1.148 
56 1.514 
70 1.883 
 
 
 
 
Figure A6.5: Plot of UV-vis absorbance at 193 wavelength versus concentration for 1,2 
diethylbenzene 
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A6.11  1,2 dichloro benzene test data 
Air Permeation length used = 20 ridges = 17.1 cm = 0.017442m2   
1,2 dichloro benzene 140mg/l 
 
    
perm flux L/(m2.h) 
 
Std Dev Std Error 
temp 
rel 
hum 
Time 
(hr) 
actual 
daily 
hours I II III 
Ave flux 
L/(m2.h) 
  22.5 38 0 0 
      22.8 37 24 24 0.043559 0.041762 0.043047 0.042789 0.000926 0.000534 
23 35 48 24 0.041081 0.042202 0.040883 0.041389 0.000711 0.000411 
23.1 40 71 23 0.037408 0.03956 0.039804 0.038924 0.001318 0.000761 
22.7 42 96 25 0.036475 0.039505 0.038677 0.038219 0.001566 0.000904 
22.5 51 119 23 0.040145 0.040948 0.041163 0.040752 0.000536 0.00031 
22 34 144 25 0.030162 0.033037 0.032223 0.031808 0.001482 0.000856 
22.1 41 168 24 0.035678 0.036242 0.036411 0.03611 0.000384 0.000222 
 
 
I II III Average 
   initial PMP wt (g) 108.591 107.683 112.238 109.504 
   final PMP wt (g) 123.573 121.413 126.795 123.927 
   Δ PMP wt (g) 14.982 13.73 14.557 14.423 
   
    initial vol (ml) 209.141 205.789 209.016 207.982 
   final vol (ml) 83.624 77.811 80.686 80.707 
   Δ vol (ml) 125.517 127.978 128.33 127.275 
   
    mixture 1:2 
    
actual std dev std error  
ini conc from cal mg/l 77.296 77.425 76.724 77.14833 154.2967 
  fin conc from cal mg/l 283.366 284.208 281.931 283.1683 566.3367 
  EF 0.27278 0.27242 0.27214 0.27245 
 
0.000321 0.000185 
 
 
 
initial final 
1,2 DCB (mg/l) 154.2967 566.3367 
vol of water (ml) 210.5 87.627 
1,2 DCB mass (mg) 32.47946 49.62639 
    EF 0.272447 
 % rejection 72.75531 
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A6.12  1,2 dichlorobenzene UV calibration 
standard concentration mg/l  Absorbance 220 WV 
14 0.365 
28 0.679 
56 1.452 
84 1.978 
112 2.469 
140 2.958 
200 3.928 
250 5.181 
300 5.746 
0 0.001 
 
 
 
 
Figure A6.6: Plot of UV-vis absorbance at 220 wavelength versus concentration for 1,2 
dichlorobenzene 
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A6.13 EXPERIMENTS WITH HUMIC ACID SOLUTION  
A6.13.1  Sorption experiments 
 
Humic acid 50mg/l wt gain (g) 
     time(min) I II III IV Ave Std Dev Std Error 
0 0 0 0 0 0 0 0 
15 24.478 19.808 23.547 24.809 23.1605 2.29797 1.148985 
30 30.617 29.722 30.842 31.966 30.78675 0.923073 0.461536 
60 34.872 35.528 34.912 35.086 35.0995 0.300393 0.150196 
120 38.49 38.329 37.38 37.416 37.90375 0.587861 0.29393 
 Humic acid 1g/l wt gain (g) 
     time(min) I II III IV Ave Std Dev Std Error 
0 0 0 0 0 0 0 0 
15 24.002 23.724 23.963 23.249 23.7345 0.346212 0.173106 
30 30.948 32.227 32.432 31.678 31.82125 0.66351 0.331755 
60 37.474 36.632 37.676 37.103 37.22125 0.45894 0.22947 
120 38.626 37.839 38.806 37.971 38.3105 0.477016 0.238508 
 Humic acid 2g/l wt gain (g) 
     time(min) I II III IV Ave Std Dev Std Error 
0 0 0 0 0 0 0 0 
15 26.781 27.902 27.548 27.899 27.5325 0.52784 0.26392 
30 30.429 31.489 30.538 31.726 31.0455 0.657622 0.328811 
60 35.826 36.094 37.164 37.289 36.59325 0.741113 0.370557 
120 39.764 37.758 38.875 39.653 39.0125 0.925143 0.462572 
 Humic acid 5g/l wt gain (g) 
     time(min) I II III IV Ave Std Dev Std Error 
0 0 0 0 0 0 0 0 
15 26.658 28.519 26.652 25.483 26.828 1.255439 0.62772 
30 32.352 31.974 30.892 30.527 31.43625 0.866163 0.433082 
60 35.88 36.178 34.489 35.748 35.57375 0.745196 0.372598 
120 38.813 38.273 36.07 37.461 37.65425 1.193419 0.59671 
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1g Humic acid + 35g NaCl 
 
wt gain (g) 
     time(min) I II III IV ave Std Dev Std Error 
0 0 0 0 0 0 0 0 
15 22.224 24.445 22.379 24.073 23.28025 1.142076 0.571038 
30 23.374 29.664 25.784 24.624 25.8615 2.719318 1.359659 
60 26.252 30.749 27.621 28.194 28.204 1.882137 0.941068 
120 28.967 32.129 30.497 31.985 30.8945 1.481716 0.740858 
 1g Humic acid + 70g 
NaCl wt gain (g) 
     time(min) I II III IV ave 
  0 0 0 0 
 
0 0 0 
15 21.831 24.358 19.96 
 
22.04967 2.207139 1.274292 
30 24.727 26.63 24.535 
 
25.29733 1.158109 0.668635 
60 25.332 28.381 25.973 
 
26.562 1.607573 0.928133 
120 28.568 29.614 26.806 
 
28.32933 1.419133 0.819337 
 1g Humic acid + 150g 
NaCl wt gain (g) 
     time(min) I II III IV Ave 
  0 0 0 0 
 
0 0 0 
15 19.658 21.22 19.464 
 
20.114 0.962723 0.555829 
30 19.788 21.446 21.43 
 
20.888 0.952662 0.550019 
60 24.266 24.409 22.132 
 
23.60233 1.275352 0.736325 
120 24.612 23.418 23.736 
 
23.922 0.618349 0.357004 
 
A6.13.2  Temperature experiments 
Time: 120 minutes 
Temperature oC 22 30 40 60 
 1g/l humic acid 
    Average maximum weight gain (g) 28.85 29.264 28.674 19.212 
vol sorbed(ml)  34 34.333 31.667 18 
 2g/l humic acid 
    Average maximum weight gain (g) 30.365 28.881 28.944 19.885 
vol sorbed (ml) 29.667 30 28 16 
 1g/l humic acid + 35g/l NaCl 
    Average maximum weight gain (g) 29.796 29.704 29.15 19.811 
vol sorbed (ml) 33 31 29.333 17 
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A6.13.3 Permeate Flux   
Feed solution Medium Av Perm flux (m3/m2/d) Av Perm flux (L/m2/h) 
Deionised water Air 0.001318 0.054917 
1g/l humic acid Air 0.001131 0.047125 
2g/l humic acid Air 0.000914 0.038083 
1g/l HA + 150g/l NaCl Air 0.000451 0.018792 
Deionised water Sand 0.000189 0.007875 
1g/l humic acid Sand  0.000157 0.006542 
2g/l humic acid Sand 0.000146 0.006083 
1g/l HA + 150g/l NaCl Sand 0.000073 0.003042 
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APPENDIX 7 
Table A7.1: Stock solutions for organic compounds  
Compound Density supplied g.mL
-1
 
(25
o
C/4
o
C) 
Concentration of stock 
solution μg/μL 
Benzene 0.874 0.52 
Toluene 0.865 1.18 
Ethylbenzene 0.867 0.77 
m-Xylene 0.868 0.54 
p-Xylene 0.861 0.69 
o-Xylene 0.879 0.83 
1,2 diethyl benzene 0.880  0.96 
1,2 dichlorobenzene 1.306 1.14 
2 phenoxy ethanol 1.107 1.22 
phenol 1.071 1.09 
naphthalene No data available 1.12 
fluorene No data available 1.18 
 
A7.1 INDIVIDUAL COMPONENT AIR PERMEATION EXPERIMENTS 
 
A.7.1.1 Benzene 
Air Permeation length used = 20 ridges = 17.1 cm = 0.017442m2 
Benzene 200mg/l 0.102 m2 per m of tube length as the surface area 
 
    
perm flux L/(m2.h) 
 
Std Dev Std Error 
temp 
rel 
hum 
Time 
(hr) 
actual 
daily 
hours I II III 
Ave flux 
L/(m2.h)  
  21 52 0 0 
      21.3 52 24 24 0.026356 0.025363 0.026516 0.026078 0.000625 0.000361 
21 50 48 24 0.025573 0.025453 0.026892 0.025973 0.000798 0.000461 
20.1 36 72 24 0.023184 0.022761 0.02456 0.023502 0.000941 0.000543 
19.5 29 96 24 0.025064 0.024273 0.026712 0.02535 0.001244 0.000718 
19.9 30 120 24 0.025862 0.024811 0.025284 0.025319 0.000526 0.000304 
19.8 32 144 24 0.024763 0.024333 0.025726 0.024941 0.000713 0.000412 
20 35 168 24 0.023327 0.020215 0.022116 0.021886 0.001569 0.000906 
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A.7.1.2  Toluene 
Air Permeation length used = 20 ridges = 17.1 cm = 0.017442m2 
Toluene 80mg/l 0.102 m2 per m of tube length as the surface area 
 
    
perm flux L/(m2.h) 
 
Std Dev Std Error 
temp 
rel 
hum 
Time 
(hr) 
actual 
daily 
hours I II III 
Ave flux 
L/(m2.h) 
  21 52 0 0 
      21.3 52 24 24 0.025382 0.026371 0.02618 0.025977 0.000525 0.000303 
21 50 48 24 0.023538 0.026106 0.024376 0.024673 0.00131 0.000756 
20.1 36 72 24 0.024474 0.025711 0.025284 0.025156 0.000628 0.000363 
19.5 29 96 24 0.023244 0.025465 0.024309 0.024339 0.001111 0.000642 
19.9 30 120 24 0.024333 0.024687 0.02439 0.02447 0.00019 0.00011 
19.8 32 144 24 0.023385 0.025174 0.024424 0.024327 0.000899 0.000519 
20 35 168 24 0.022689 0.022701 0.02338 0.022924 0.000395 0.000228 
 
 
 
A.7.1.3  Ethylbenzene 
 
Air Permeation length used = 20 ridges = 17.1 cm = 0.017442m2 
ethylbenzene 80mg/l 0.102 m2 per m of tube length as the surface area 
 
    
perm flux L/(m2.h) 
 
Std Dev Std Error 
temp 
rel 
hum 
Time 
(hr) 
actual 
daily 
hours I II III 
Ave flux 
L/(m2.h) 
  21 52 0 0 
   
0 
 
0 
21.3 52 24 24 0.026024 0.025054 0.024099 0.025059 0.000963 0.000556 
21 50 48 24 0.024804 0.025031 0.024421 0.024752 0.000308 0.000178 
20.1 36 72 24 0.024202 0.024739 0.024627 0.024523 0.000284 0.000164 
19.5 29 96 24 0.024003 0.023375 0.024507 0.023962 0.000567 0.000328 
19.9 30 120 24 0.024813 0.024125 0.024586 0.024508 0.000351 0.000202 
19.8 32 144 24 0.024333 0.023308 0.024108 0.023917 0.000539 0.000311 
20 35 168 24 0.022429 0.021849 0.024226 0.022834 0.001239 0.000715 
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A.7.1.4  m-Xylene 
 
Air Permeation length used = 20 ridges = 17.1 cm = 0.017442m2 
m-xylene 80mg/l 0.102 m2 per m of tube length as the surface area 
 
    
perm flux L/(m2.h) 
 
Std Dev Std Error 
temp 
rel 
hum 
Time 
(hr) 
actual 
daily 
hours I II III 
Ave flux 
L/(m2.h) 
  21 52 0 0 
   
0 
 
0 
21.3 52 24 24 0.024644 0.025038 0.024863 0.024848 0.000198 0.000114 
21 50 48 24 0.025745 0.024574 0.024364 0.024894 0.000744 0.00043 
20.1 36 72 24 0.024226 0.024615 0.024018 0.024286 0.000303 0.000175 
19.5 29 96 24 0.024123 0.023504 0.024371 0.023999 0.000447 0.000258 
19.9 30 120 24 0.02407 0.02418 0.024806 0.024352 0.000397 0.000229 
19.8 32 144 24 0.024405 0.023664 0.023612 0.023893 0.000444 0.000256 
20 35 168 24 0.021399 0.022025 0.023619 0.022348 0.001144 0.000661 
 
 
 
 
A.7.1.5  o-Xylene 
 
Air Permeation length used = 20 ridges = 17.1 cm = 0.017442m2 
o-xylene 80mg/l 0.102 m2 per m of tube length as the surface area 
 
    
perm flux L/(m2.h) 
 
Std Dev Std Error 
temp 
rel 
hum 
Time 
(hr) 
actual 
daily 
hours I II III 
Ave flux 
L/(m2.h)  
  21 52 0 0 
   
0 
 
0 
21.3 52 24 24 0.026373 0.026399 0.02541 0.026061 0.000564 0.000325 
21 50 48 24 0.025688 0.025198 0.025379 0.025422 0.000248 0.000143 
20.1 36 72 24 0.024739 0.02559 0.024543 0.024957 0.000556 0.000321 
19.5 29 96 24 0.024276 0.024565 0.02423 0.024357 0.000181 0.000105 
19.9 30 120 24 0.023989 0.025047 0.024519 0.024519 0.000529 0.000305 
19.8 32 144 24 0.024037 0.024808 0.024601 0.024482 0.000399 0.000231 
20 35 168 24 0.022176 0.023805 0.023475 0.023152 0.000861 0.000497 
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A.7.1.6  p-Xylene 
 
Air Permeation length used = 20 ridges = 17.1 cm = 0.017442m2 
p-xylene 80mg/l 0.102 m2 per m of tube length as the surface area 
 
    
perm flux L/(m2.h) 
 
Std Dev Std Error 
temp 
rel 
hum 
Time 
(hr) 
actual 
daily 
hours I II III 
Ave flux 
L/(m2.h) 
  21 52 0 0 
   
0 
 
0 
21.3 52 24 24 0.024546 0.024581 0.025656 0.024928 0.000631 0.000364 
21 50 48 24 0.025936 0.026227 0.02328 0.025148 0.001624 0.000938 
20.1 36 72 24 0.024426 0.025138 0.025162 0.024909 0.000418 0.000241 
19.5 29 96 24 0.024378 0.024849 0.024978 0.024735 0.000316 0.000182 
19.9 30 120 24 0.024787 0.024149 0.02516 0.024699 0.000511 0.000295 
19.8 32 144 24 0.0245 0.02461 0.024546 0.024552 5.52E-05 3.19E-05 
20 35 168 24 0.023604 0.023764 0.021679 0.023016 0.001161 0.00067 
 
 
 
A7.2 CONFINED BTEX SOLUTION AIR PERMEATION EXPERIMENTS 
A7.2.1 Set I Total BTEX 160 mg/l 
Length used = 45 ridges = 20cm = 204cm
2
 =0.0204m
2
 
Time = 20 hours 
Final humidity = 75%  
Initial vol of water = 80ml = 0.00008m
3
 
 
SET 1 feed conc mg/L  feed conc μg/m3 
 
I II III I II III 
Benzene 40 40 40 40000000 40000000 40000000 
Toluene 40 40 40 40000000 40000000 40000000 
ethylbenzene 20 20 20 20000000 20000000 20000000 
m-Xylene 20 20 20 20000000 20000000 20000000 
o-Xylene 20 20 20 20000000 20000000 20000000 
p-Xylene 20 20 20 20000000 20000000 20000000 
       TOTAL BTEX 160 160 160 160000000 1.6E+08 1.6E+08 
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SET 1 Trapped air conc μg/m3 std dev std error 
 I II III ave 
  Benzene 10170 13975 13245 12463.33 2019.346 1165.87 
Toluene 2525 4685 3905 3705 1093.801 631.5061 
ethylbenzene 610 1315 985 970 352.7393 203.6541 
m-Xylene 493 1105 813 803.6667 306.1067 176.7308 
o-Xylene 465 1035 750 750 285 164.5448 
p-Xylene 493 1105 813 803.6667 306.1067 176.7308 
 
      TOTAL BTEX 14756 23220 20511 19495.67 4322.384 
  
Δ wt (g) 
I II III ave 
11.824 10.587 11.566 11.32566667 
 
A7.2.2 Permeate flux 
Permeate flux (L/m2/h) 
I II III average std dev std error 
0.02898 0.025948529 0.028348 0.027759 0.001599 0.000923 
 
A7.2.3  Removal efficiency using tubular membrane for total BTEX 160 mg/l 
 
Enrichment factor 
 
feed permeate 
Total BTEX conc(μg/m3) 160000000 19495.67 
mass of water (m3) 0.00008 1.13257E-05 
Total BTEX mass (μg) 12800 0.220801466 
EF 0.0001218 
  % removal 99.98781521 
   
A7.2.4  Specific component behaviour in removal efficiency using tubular membrane 
for BTEX  
160 mg/l 
  
 
EF % removal 
Benzene 0.000311583 99.96884 
Toluene 0.000092625 99.99074 
ethylbenzene 0.0000485 99.99515 
m-Xylene 4.01833E-05 99.99598 
o-Xylene 0.0000375 99.99625 
p-Xylene 4.01833E-05 99.99598 
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A7.2.5 Set II Total BTEX 400 mg/l 
Length used = 45 ridges = 20cm = 204cm
2
 =0.0204m
2
 
Time = 20 hours 
Final humidity = 73%  
Initial vol of water = 80ml = 0.00008m
3
 
 
SET 2 feed conc mg/L  feed conc μg/m3 
 
I II III I II III 
Benzene 100 100 100 100000000 1E+08 1E+08 
Toluene 100 100 100 100000000 1E+08 1E+08 
ethylbenzene 50 50 50 50000000 50000000 50000000 
m-Xylene 50 50 50 50000000 50000000 50000000 
o-Xylene 50 50 50 50000000 50000000 50000000 
p-Xylene 50 50 50 50000000 50000000 50000000 
       TOTAL BTEX 400 400 400 400000000 4E+08 4E+08 
 
SET 2 Trapped air conc μg/m3 std dev std error 
 I II III ave 
  Benzene 26235 20590 27390 24738.33 3638.682 2100.794 
Toluene 10175 7290 10485 9316.667 1761.976 1017.277 
ethylbenzene 2890 1930 2905 2575 558.6367 322.5291 
m-Xylene 2365 1618 2435 2139.333 452.8425 261.4487 
o-Xylene 2035 1400 2070 1835 377.1273 217.7345 
p-Xylene 2365 1618 2435 2139.333 452.8425 261.4487 
 
      TOTAL BTEX 46065 34446 47720 42743.67 7233.478 
  
Δ wt (g) 
I II III ave 
10.145 11.965 10.188 10.766 
 
A7.2.6 Permeate flux 
Permeate flux (L/m2/h) 
I II III average std dev std error 
0.024865 0.02932598 0.024971 0.026387 0.002546 0.00147 
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A7.2.7  Removal efficiency using tubular membrane for total BTEX 400 mg/l 
Enrichment factor 
  
feed permeate 
BTEX conc(μg/m3) 
 
400000000 42743.66667 
mass of water (m3) 
 
0.00008 0.000010766 
BTEX mass (μg) 
 
32000 0.460178315 
EF 0.0001069 
  % removal 99.98931408 
   
A7.2.8  Specific component behaviour in removal efficiency using tubular membrane 
for BTEX  
400 mg/l 
   EF % removal 
Benzene 0.000247 99.97526167 
Toluene 9.32E-05 99.99068333 
ethylbenzene 5.15E-05 99.99485 
m-Xylene 4.28E-05 99.99572133 
o-Xylene 3.67E-05 99.99633 
p-Xylene 4.28E-05 99.99572133 
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APPENDIX 8 
Published journal paper. 
